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Introduction

IGF-I receptor (IGF-IR) overexpression is a frequent aberration in found in breast tumors. IGF-IR activation may
serve its greatest purpose in cancer cells by activating intracellular PI 3-kinase and its downstream target Akt to convey
proliferation and survival of breast cancer cells. In breast cancer cell lines, treatment with IGF-I results in IGF-IR
activation and tyrosine phosphorylation of the IRS-1 docking protein. The p85 subunit of PI 3-kinase then binds to IRS-1
to activate downstream kinases such as Akt and p70° kinase. IGF-IR is an important target for development of new breast
cancer interventions since its expression has been observed in 87% of breast cancer specimens. Breast cancer cells
expressing IGF-IR undergo a robust proliferative response when exposed to the receptor’s ligands. A great amount of
research has focused on the effect of growth factor activation of Akt on breast cancer cell survival, with the belief that Akt
must convey the majority of PI 3-kinase effects. My lab has studied the survival responses induced by IGF-I treatment of
breast cancer cells and how these responses may be altered by cellular stress, including chemotherapy and radiation
treatment induction of the p53 tumor suppressor protein or JNK (c-Jun N-terminal kinase).

Body

Research accomplishments: In the past four years our efforts to identify the mechanisms of IGF-I pro-survival
responses have been separated into two separate projects. Both of these projects stem from the Career Development
Award. The first is to understand the mechanism(s) and/or effects of IGF-I activated JNK in breast cancer cells. We are
also studying if the outcome of IGF-I activated JNK is p53 dependent. The second project is to understand how IGF-I
activated Akt inhibits the apoptosis cascade of proteins. We initially anticipated that Akt would inhibit caspase 9 in a p53-
dependent fashion. Our current results indicate otherwise. For purposes of this progress report, our findings will be
presented as outlined in the initial Statement of Work of the application.

Task 1 is to describe IGF-IR cytoprotective effects through PI 3-kinase.

In previous progress reports we have demonstrated IGF-I's survival effects through activation of PI 3-kinase and Akt.
Overexpression of a constitutively active form of Akt further supports our findings of Akt’s survival properties. Thus, two
years ago we were awarded an RO1 grant to study the effects of IGF-I activation of p53 mediated apoptosis. Caspases are
family of proteases that become cleaved when activated by cellular stress. Upstream caspases then cleave downstream
caspases. Ultimately, the activity of the caspases results in the morphological changes associated with apoptosis
(programmed cell death). ‘We anticipated that Akt would inhibit p53-mediated apoptosis by phosphorylation of caspase —9
and subsequent inhibition of its cleavage; caspase-9 is a downstream target of p53. Our recent data suggest that for some
forms of DNA damage, Akt is working independently of caspase-9 in the MCF-7 breast cancer cells (Figure 1) (1). Our
data show instead that Akt inhibits caspase-8 cleavage, a caspase which is typically activated in response to cytokine
binding to death receptors like TNF-o. or TRAIL (Figures 2 and 3). This work has recently been published in the Journal
of Biological Chemistry (2). Our most recent unpublished studies show that IGF-I mediates its protective response through
mTOR, another Akt target traditionally known for its role in protein translation. However in our model, protein translation
is not required for this protective effect on cells. This suggests that mTOR is mediating this survival response in a post-
translational fashion.
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Figure 2. TNF-ot and UV treatment both result in
caspase-8 and PARP cleavage while caspase-9
cleavage is unchanged. To determine if UV
treatment can result in activation of the initiator
caspase-8, MCF-7 cells were serum starved for 18
hours before treatment with either UV irradiation (10
J/M?) or TNF-a (100 ng/ml) and cycloheximide (1
pg/ml). At times indicated, cells were harvested.
Cell lysates were subjected to SDS-PAGE and
Western blot analyses to determine the extent of
PARP, caspase-9 and caspase-8. Western analysis
of tubulin indicates similar protein loading in each
lane.
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Figure 3. Inhibition of caspase-8 by Z-IETD-FMK
results in reduction of TNF-ct and UV induced apoptosis.
To investigate the contribution of caspase-8 to apoptosis,
MCF-7 cells were pretreated with 80puM Z-IETD-FMK or
DMSO only (vehicle control) for 30 minutes prior to
treatment with TNF-a (100 ng/ml) or UV irradiation (10
J/Mz). Six hours later cells were harvested, and cell lysates
were subjected to SDS-PAGE and Western blot analyses to
determine the extent of PARP and caspase-7 cleavage.
Western analysis of tubulin indicates similar protein loading
in each lane.

In contrast to the MCF-7 cell line, irradiation of the MDA MB-231 breast cancer cells (which expresses mutant p53)
induces caspase-9 cleavage and IGF-I co-treatment reduces caspase-9 cleavage (Figure 4). Even though this was our
predicted outcome, we see no evidence that Akt inhibits caspase-9 activity through caspase-9 phosphorylation (data not
shown). Thus, we are currently testing if IGF-I activated Akt may mediate the ability of XIAP (X-linked inhibitor of
apoptosis, an inhibitor of caspase-9) to bind to caspase-9 as another mechanism for the protective effect that we observe
(Figure 5).
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IGF-I inhibits UV mediated caspase-9 activation. To
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¥ 35 kDa irradiation (0.75 J/M?) and/or IGF-I (50 ng/ml) and
LY294002 (25 uM). At times indicated, cells were
harvested. Cell lysates were subjected to SDS-PAGE and
Western blot analyses to determine the extent of PARP,
caspase-9 and caspase-7 cleavage. Western analysis of
tubulin indicates similar protein loading in each lane.
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Figure 5. IGF-I treatment enhances caspase-9 binding
MDA MB-231 to XIAP. MDA MB 231 cells were plated and serum

. starved overnight. The following day cells were treated

IGF-1 (minutes) 0 10 20 30 45 60 with IGF-I for the indicated times. Cells were lysed at each
IP:Caspase 9 = e e s s s o XIAP time point and 200 mcg of protein was immunoprecipitated
with a caspase-9 antibody and immune complexes were

oy o Q)88 P o-Cospese | subjected to SDS-PAGE and later Western blotted for XIAP

and caspase-9.

Task 2 is to characterize the potential interactions between the PI 3-kinase survival and stress-induced signaling
pathways by exposure to IGF-1 and/or chemotherapy and using pharmacologic and molecular techniques to confirm
these interactions.

Our interesting observation that IGF-I treatment markedly enhances JNK activity in a PI 3-kinase dependent fashion in
MCF-7 cells has recently been a major focus in my lab. We have shown that IGF-I activation of JNK is stronger than that
induced by stress treatments such as Taxol or Taxotere chemotherapeutic agents. When cells are co-treated with IGF-1 and
chemotherapy, JNK activity is further enhanced (in contrast to our prediction) (Figure 6 and reference (1)). Thus, we have
been very interested in the biological consequence of JNK activation by growth factors. In the past two years we have
made significant progress. We have published a manuscript to Oncogene that describes that overexpression of wildtype
JNK inhibits anchorage independent growth of MCF-7 cells and IGF-I stimulated anchorage independent growth (1).
Initially we hypothesized that IGF-1 activation of JNK is resulting in a negative feedback loop. Other investigators have
shown in diabetic models that stress treatments such as TNF-o (tumor necrosis factor) enhances JNK activity. Activated
JNK then phosphorylates IRS-1 (insulin receptor substrate) on Serine 307. Phosphorylation of this residue inhibits IRS-1
association with insulin and IGF-I receptors, resulting in decreased growth factor mediated signaling. Most recent work in
our lab indicates that stress-induction of JNK phosphorylates Ser 307 of IRS. IGF-I also phosphorylates this site in an Akt-
dependent fashion. However, neither JNK nor Akt can phosphorylate this site without activation or binding of mTOR to
IRS-1 (data not shown). This work will soon be submitted to the Journal of Biological Chemistry.
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In November of 2001, we received an $50,000 Avon seed grant to continue our studies of IGF-I activated JNK. The
aims of this grant were to identify upstream kinases that mediate IGF-I activation of JNK and to inhibit JNK isoforms to
determine if IGF-I activates different JNK isoforms than stress treatments. We are approaching this question through a
collaboration with ISIS Pharmaceutical company who have provided us with JNK antisense oligonucleotides.

Task 3 is to characterize if IGF-1 and chemotherapy interactions in breast cell lines are pS3 dependent and to
compare this activity in an ER positive cell line, and ER negative cell line, and an immortalized, noncancerous
breast epithelial cell line.

In the DoD grant, I proposed to study both mutant p53 and wildtype p53 expressing breast cancer cell lines. We have
done this to some extent but have also had difficulty in deciphering general differences in cell line sensitivity versus
differences in mutant versus wildtype pS3 function. Using a short inhibitory (si)RNA approach, we have recently shown
that INK’s ability to induce cell cycle arrest is independent of pS3 in the MCF-7 cells that express wildtype p53 and ER
(Figure 7). Most of our other findings also suggest that Akt mediated survival is also independent of p53 expression, as
discussed above in Task 1 using the MDA MB-231 cell line which expresses mutant p53. We have also studied the 21PT
cell line which expresses a truncated p53 (Figure 7). In this instance, IGF-I protects from apoptosis in a p53-independent
fashion (3).

Task 4 is to study IGF-I treatment effects on xenograft breast cancer response to chemotherapy drugs.

We have recently submitted an RO1 application to use established transgenic mouse models and JNK knockout mice to
better understand the interactions of JNK with p53, growth factor mediated pathways, and the efficacy of chemotherapy
drugs. Based on the literature and our own preliminary data, we hypothesize that loss of JNK activity will inhibit
mammary tumor development in mice overexpressing the polyoma virus middle T-antigen or lacking p53. Once breast
tumors have developed, we then plan to determine if JNK expression is important for efficacy of anti-cancer drugs. We
will determine if these effects are JNK gene dependent by using both JNK 1 and JNK 2 knockout mice. The ROI
application will be resubmitted November 1, 2003. If funded, the aims will supplant the current Task 4 of my CDA award.
I believe that use of the transgenic and knockout mice will address the same question but provide much more mechanistic
information to the initial approach described.
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Figure 7. Cell cycle distribution of
breast cancer cells. Cells were treated
with SP 25 uM, siRNA p53 SUPER
and/or y irradiation (6 Gy) and cultured
for 48 hours. Cells were then
trypsinized, washed with PBS, fixed,
and later stained using propidium iodide
(PI). DNA content of cells was
analyzed by flow cytometry. A). Cell
cycle histograms of asynchronized,
subconfluent 21PT, MDA MB 231, and
MCF-7 breast cancer cells. B). Cell
cycle distributions of 21PT, MDA MB
231, and MCF-7 cells after 48 hours of
SP treatment. sub-G1 cells, ® G1
cells, ® G2/M cells, endoreduplicating
cells. C). MCF-7 cells were either
treated with y irradiated, transfected
with p53 siRNA or both, as indicated.
D). MCF-7 cells were treated with SP
and transfected with pS3 siRNA or
treated with y irradiation, as indicated.
E). MCF-7 cells were incubated for 48
hours in SB203580 (SB) or PD98059
(PD), and processed as above. F). MCF-
7 cells were lysed at indicated time
points. 60 pg of total protein lysate
were separated by SDS PAGE,
transferred to nitrocellulose, then
Western blotted with antibodies to the
indicated proteins.
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Training accomplishments

We have had a marked increase in our publication rate in the past two years of this Career Development Award (see

below). In regards to funding, Dr. Horwitz (my mentor) has been instrumental in earning the Avon breast cancer
foundation award. Seed funds from this award provided support for many of the JNK research currently taking place in my
laboratory. This Foundation award has brought breast cancer researchers from the area in closer contact and more
collaborative. In regards to my career development, I have also served as a grant reviewer for both DoD and NIH in the
past tow to three years. This has given me a great opportunity to stay abreast of breast cancer research and better reflect
upon my own research program’s focus and progress.

Key Research accomplishments:

1. Characterization of IGF-I activation of JNK inhibits IGF-I responses in breast cancer cells (Years 1-3).

2. Collaboration with ISIS Pharmaceutical company to study JNK isoform specificity of function (Years 2-4).

3. IGF-I survival responses in DNA damaged breast cancer cells are caspase 9 independent but caspase 7 sensitive in
MCEF-7 cells (Years 3-4).

4. Characterization of the importance of stress-activated and basal JNK activity in breast cancer phenotypes including
cell cycle arrest, endoreduplication and apoptosis (Years 2-4).

5. Characterization of mTOR in mediating stress and growth factor mediated phosphorylation of IRS-1 Ser307 (Year
4).

6. Characterization of the importance of mTOR in caspase-8 mediated cell death (Year 4).

Reportable Outcomes:

Grant activity

1. Avon seed grant award

2. NIH/NCIROI1 awarded in June, 2000, entitled, “IGF-I survival effects on p53 induced apoptosis.”

3. Submission of grant application to NIH entitled, “The role of JNK in mammary tumorigenesis and response to
treatment.”

4. Submission of grant application to the Komen Breast Cancer Foundation entitled, “The role of JNK in mammary
development and tumorigenesis.”
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Conclusions: The past two years of this Career Development have been very productive in characterizing the IGF-I
induced pathways and the mechanism(s) of their effects on cellular outcomes. Our findings have lead to one funded RO1,
an Avon seed grant, and three other grant applications to NIH, DoD and the Susan G Komen. Our research on Akt is
leading us to new mechanisms for IGF-I mediated protection. Our work on JNK is allowing us to further determine if
activation of this kinase that JNK activation inhibits IGF-I responses and that JNK activity mediates chemotherapy induced
cell death provides us with a very promising target for therapeutic interventions. We first would like to confirm and extend
our JNK and Akt studies using animal models, thus we have grant applications pending to do such studies. Currently, I
have five publications that my DOD Career Development has supported, in part.
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The importance of the mitochondria in UV-induced
apoptosis has become increasingly apparent. Following
DNA damage cytochrome ¢ and other pro-apoptotic fac-
tors are released from the mitochondria, allowing for for-
mation of the apoptosome and subsequent cleavage and
activation of caspase-9. Active caspase-9 then activates
downstream caspases-3 and/or -7, which in turn cleave
poly(ADP)-ribose polymerase (PARP) and other down-
stream targets, resulting in apoptosis. In an effort to un-
derstand the mechanisms of Akt-mediated cell survival in
breast cancer, we studied the effects of insulin-like
growth factor (IGF)-I treatment on UV-treated MCF-7 hu-
man breast cancer cells. Apoptosis was induced in MCF-7
cells after UV treatment, as measured by caspase-7 and
PARP cleavage, and IGF-I co-treatment protected against
this response. Surprisingly caspase-9 cleavage was un-
changed with UV and/or IGF-I treatment. Using MCF-7
cells overexpressing caspase-3 we have shown that resist-
ance of caspase-9 to cleavage was not altered by the ex-
pression of caspase-3. Furthermore, overexpression of
caspase-9 did not enhance PARP or caspase-7 cleavage
after UV treatment. Because caspase-8 was activated with
UV treatment alone, we believe that UV-induced apopto-
sis in MCF-7 cells occurs independently of cytochrome ¢
and caspase-9, supporting the existence of a cytoplasmic
inhibitor of cytochrome ¢ in MCF-7 cells. We anticipate
that such inhibitors may be overexpressed in cancer cells,
allowing for treatment resistance.

Caspases, a family of cysteine proteases, are an integral part
of the execution phase of programmed cell death. Initiator
caspases-2, -8, -9, and -10 are first induced to undergo oli-
gomerization, leading to autocatalytic activity and subsequent
cleavage of the downstream effector caspases (see Refs. 1 and 2
for review). The two major pathways for the execution of apo-
ptosis are defined by the initiator caspases-8 and -9. Caspase-
8-induced apoptosis is regulated via activation of the tumor
necrosis factor (TNF)! receptor superfamily of receptors in-
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CA89288A awarded by the NCI, National Institutes of Health and
United States Army Medical Research and Command Grant DAMD17-
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FMK, Z-Ile-Glu-(OMe)-Thr-Asp(OMe) fluoromethy! ketone.
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duced by ligands such as TNF-a, TRAIL, or Fas (3, 4). Proteo-
lytically activated caspase-8 then cleaves effector caspases-3
and -7 (5, 6). Caspase-8 can also cleave Bid to its truncated
form (tBid) (7). tBid translocation to mitochondria induces mi-
tochondrial release of cytochrome ¢ and subsequent activation
of caspase-9, thus amplifying the death signal.

Non-cytokine-mediated cellular stress, such as UV or chem-
ical treatment, can initiate apoptosis through mitochondrial
release of cytochrome ¢ (8). In the caspase-9 initiated pathway,
cytoplasmic cytochrome c¢ triggers the formation of the apopto-
some, a multi-protein complex containing cytochrome ¢, dATP,
Apaf-1, and pro-caspase-9 (9, 10). The presence of caspase-3
and/or -7 within the apoptosome may allow more optimal cleav-
age of caspase-9. Ultimately, activated caspase-9 serves as the
initiator caspase, which may further amplify an apoptotic sig-
nal by activating caspase-8 and -2 upstream of the mitochon-
dria (11). Downstream responses to caspase-9 include cleavage
of caspase-3 and/or -7 and eventually poly(ADP)-ribose polym-
erase (PARP) (12).

Multiple mechanisms of resistance to apoptosis have been
recently identified. By phosphorylating caspase-9, Akt inhibits
its proteolytic activity (13). Further, resistance to mitochon-
drial initiated events has also been reported. For example,
Bcl-2 and Bel-XL can inhibit eytochrome ¢ translocation (14~
16). Bcl-XL may also participate in binding to the apoptosome
to inhibit its activity (14, 17, 18). The apoptosome and effector
caspase activity can be further regulated by members of the
TAP (inhibitor of apoptosis proteins) family of proteins, which
can directly bind to caspases via BIR (baculoviral IAP repeat)
protein domains. BIR domains 1 and 2 of IAPs bind and inhibit
caspases-3 and -7, whereas the BIR3 domain binds to and
specifically inhibits caspase-9 (19, 20). These inhibitory effects
can be offset by the stress-induced release of the mitochondrial
protein, Smac/Diablo, which competitively binds to IAPs, re-
lieving their inhibitory effects on caspases-3, -7, and -9 (21, 22).
Aberrations of Apaf-1 can also inhibit caspase-9 response.
Methylation mediated transcriptional repression of Apaf-1 has
been reported in metastatic melanomas and ovarian cancer cell
lines (23, 24), whereas reconstitution of Apaf-1 expression en-
hances apoptotic response to the chemotherapeutic drug doxo-
rubicin (23).

Akt mediates survival by phosphorylating several substrates
that are intimately involved in regulating programmed cell
death. Akt phosphorylation of pro-caspase-9, a downstream
target of p53, blocks cleavage of pro-caspase-9 and its subse-
quent activation (13, 25). Thus, regulation of pro-caspase-9 is of
particular importance in p53-mediated effects. Therefore, we
initially set out to determine whether pro-caspase-9 may be an
Akt target for survival of IGF-I sensitive breast cancer cells.

Since the discovery that MCF-7 human breast cancer cells do
not express full-length caspase-3, because of a 47-base pair
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deletion within exon 3 of the caspase-3 gene, debate has existed
regarding the ability of MCF-7 cells to undergo programmed
cell death (26, 27). More recently, the MCF-7 cell line has
become a model for investigation of caspase-3-dependent and
-independent effects. Although less studied, caspase-7 may con-
vey many of the same effects as caspase-3, suggesting some
redundancy between the two proteins. Here we show that
MCF-7 cells undergo caspase-mediated apoptosis upon UV
treatment, as indicated by caspase-7 and PARP cleavage. Most
interesting is our observation that UV treatment can induce
apoptosis via caspase-8 activation, independent of caspase-9.
Additionally, in studying the potential mechanism for the lack
of a caspase-9 response, we conclude that MCF-7 cells harbor a
cytochrome ¢ or apoptosome defect.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—MCF-7 cells were provided by Dr. C.
Kent Osborne (University of Texas Health Science Center, San Antonio,
TX), and other MCF-7 cells were provided by Dr. Heide Ford (Univer-
sity of Colorado Health Sciences Center, Denver, CO); HEK 293 cells
were provided by Dr. Douglas Wolf (University of Colorado Health
Sciences Center, Denver, CO). Cell lines were maintained in full serum
medium (MCF-7 in Iscove’s modified Eagle’s medium (Mediatech, Hern-
don, VA) supplemented with 10% fetal bovine serum (Mediatech), an-
tibiotics, and insulin; HEK 293 in Dulbecco’s modified Eagle’s medium
(Mediatech) was supplemented with 10% fetal bovine serum (Mediat-
ech) and antibiotics). In each experiment the cells were plated in full
serum-containing media and cultured overnight at 5% CO, and 37 °C.
The cells were washed twice the next day in warm phosphate buffered
saline (PBS; Biofluids, Rockville, MD) followed by overnight culture in
serum-free medium. On the third day, the cells were treated with UV
(UV-C, 10 J/m?) in a SpectroLinker UV linker 100 (Spectronics, West-
bury, NY) with lids removed and/or IGF-1 (obtained from the National
Hormone and Pituitary Program, NIDDK, National Institutes of Health
and Dr. A. F. Parlow) or with TNF-« (Alexis Biochemicals, San Diego,
CA) and cycloheximide (Sigma-Aldrich), as indicated in figure legends.
‘When applicable, pretreatments with LY294002 (Alexis Biochemicals)
or Z-JETD-FMK (BD Pharmingen, San Diego, CA) were performed 40 or
30 min prior to stimulation with UV, respectively.

Stable and Transient Transfections—pcDNAS caspase-3 and FLAG-
caspase-9 vectors were graciously provided by Dr. C. Vincenz (Univer-
sity of Michigan). Generation of MCF-7 caspase-3 stable transfectants
was performed by electroporation of 3.0 X 10® MCF-7 cells in 200 ul of
medium containing 10 ug of DNA. Forty-eight hours later, the cells
were selected with 800 ug/ml of G418 (Mediatech). Individual drug-
resistant colonies were isolated and expanded. Detection of clones over-
expressing caspase-3 was performed by Western blot analysis using a
caspase-3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA).

For transient transfections with wild-type caspase-9 or Bel-2, 1.0 %
10° MCF-7 cells were plated in 6-cm? dishes and cultured overnight in
full serum medium. The cells were washed twice the following day with
warm PBS and then incubated with serum free Opti-MEM (Invitrogen)
for 45 min at 37 °C and 5% CO,. The cells were then transfected with 30
ul of Plus reagent, 4 ul of Lipofect AMINE (Invitrogen), and 4 pug of DNA
(3 pug of DNA of interest and 1 ug of green fluorescent protein); 3 h later
plates were supplemented with full serum medium. Twenty-four hours
after transfection the cells were assessed for transfection efficiency by
visualization of green fluorescent protein and then treated as men-
tioned above.

Preparation of Cell Lysates and Western Blot Analyses—At the indi-
cated times, the cells were scraped and harvested by centrifugation.
The plates were washed once with cold PBS followed by an additional
centrifugation. The cells were then lysed in lysis buffer (20 mm Tris-
HCY, 250 mM NacCl, 3 mM EDTA, 0.05% Nonidet P-40, 1 mM dithiothre-
itol, 0.368 mg/ml Na Orthovanadate, 6 ug/ml leupeptin, 1 mM phenyl-
methylsulfonyl fluoride, and 17 ug/ml aprotinin) followed by cen-
trifugation at 13,000 to remove cellular debris. The protein concentra-
tions were determined using a Bio-Rad D/C protein assay kit. Sixty
micrograms of total cell lysate were resolved by 10% SDS-PAGE, unless
stated otherwise, and transferred to nitrocellulose. Western blot anal-
yses were performed using primary antibodies for caspase-3, caspase-7,
caspase-8, caspase-9, cleaved caspase-9 D315 (Cell Signaling, Beverly,
MA), PARP (BD Pharmingen), XIAP (BD Pharmingen), or tubulin (Sig-
ma), and enhanced chemiluminescence (Applied Biosystems, Foster
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City, CA). Each Western blot shown is representative of at least three
separate experiments.

Antibody Cross-linking and Immunoprecipitations—Immunoprecipi-
tations were performed by first cross-linking antibody to protein G-
agarose beads (Invitrogen). The antibody for caspase-9 (Santa Cruz
Biotechnology) was incubated with protein G-agarose beads in PBS for
3 h at 4 °C. The beads were washed six times in 0.18 M sodium borate
(pH 8.0) before incubation with 0.18 M sodium borate (pH 8.0) contain-
ing 100 mM DMP (dimethylpimelimidate) for 2 h at room temperature.
The beads were then washed three times with 0.2 M ethanolamine and
incubated with 0.2 M ethanolamine for 2 h at room temperature. The
cross-linked beads were washed in cold PBS and stored at 4 °C.

For immunoprecipitations, the cells were treated and harvested as
described above. For each treatment, 200 ug of total cell lysate were
incubated with 10 pl of cross-linked beads in a total volume of 300 ul of
lysis buffer. Incubation was carried out for 3 h at 4 °C; beads were then
washed three times with lysis buffer before being resolved by 10%
SDS-PAGE. Western blots were carried out as described above.

Mitochondrial Inner Membrane Potential—Mitochondrial inner
membrane potential was assessed by a mitochondrial voltage-sensitive
dye JC-1 (Intergen, Purchase, NY) per manufacturer instructions and
flow cytometry (FACSCalibur, Becton Dickinson, University of Colo-
rado Cancer Center Flow Cytometry Core facility, which is supported by
NCI, National Institutes of Health Cancer Core Support Grant
CA46934). The fluorescent mitochondrial probe, JC-1, was used to
verify treatment mediated changes in mitochondrial membrane Ay. In
apoptotic cells, the JC-1 dye remains monomeric in the cytoplasm
showing green fluorescence. Whereas in unstressed cells, the mitochon-
drial aggregate forms fluorescent red at 590 nm. The experiments were
repeated three times, and representative results are shown.

Cytochrome ¢ Immunostaining—The cells were plated at a density of
85,000 cells/25-mm diameter slides (Lab-Tek, Nalge Nunc, Naperville,
IL) and fixed in PBS containing 2% paraformaldehyde. The cells were
washed in PBS, permeabilized in 0.2% Triton X-100, and then blocked
in 10% normal goat serum/PBS. The cells were incubated with cyto-
chrome ¢ antibody (clone 6H2.B4 (Pharmingen, San Diego, CA)) and
then washed and incubated with mouse IgG Alexa Fluor 488 AB (Mo-
lecular Probes, Eugene, OR). The slides were imaged on a Nikon Dia-
phot TE200 microscope using a CoolSNAP-fx monochrome digital cam-
era and Image-Pro Plus V4.1 software. The images are shown with color
overlay. The experiments were repeated three times, and representa-
tive results are shown.

In Vitro Cleavage of Pro-caspase-9-—A plasmid containing ¢cDNA
encoding pro-caspase-9 (pcDNA3-FLAG-tagged caspase-9) was in vitro
transcribed and translated in the presence of [**S]methionine (Amer-
sham Biosciences) using a coupled transcription/translation TNT kit
(Promega, Madison, WI) according to the manufacturer’s instructions.
The protein was desalted and exchanged into buffer A (20 mMm Hepes,
pH 7.5, 10 mM KCI, 1.5 mm MgCl,, 1 mm EDTA, and 1 muM dithiothreitol)
with Bio-Spin P-6 columns (Bio-Rad). The cell lysates were prepared as
described above but were lysed with buffer A. The radiolabeled reac-
tions consisted of 80 ug of cell lysate, 5 ul of **S-labeled pro-caspase-9,
1.5 mM dATP (Sigma-Aldrich), and 1.8 or 18.0 uM horse heart cyto-
chrome ¢ (Sigma-Aldrich) in a 30-ul total volume; the reactions for
Western blot analysis were identical with the omission of 3%S-labeled
pro-caspase-9. The reactions were allowed to proceed for 4 h at 30 °C
before being analyzed by SDS-PAGE and autoradiography (STORM
860, Molecular Dynamics, Amersham Biosciences) or Western blot (19).
The experiments were repeated a minimum of two times, and repre-
sentative results are shown.

Cytochrome ¢ Sequencing—RNA was extracted from confluent 10-
cm? dishes of MCF-7 and HEK 293 cells using RNAwiz isolation reagent
(Ambion, Austin, TX) per manufacturer instructions. 1 ug of RNA was
reverse transcribed with Moloney murine leukemia virus reverse tran-
scriptase (Invitrogen) in 20 ul of reaction mixture. Cytochrome ¢ was
amplified from the resulting ¢cDNA (10 ul) using platinum Pfx DNA
polymerase (Invitrogen) and the primers 5'-gagtgttcgttgtgecageg and
5'-gcccaacaaaatattetgteagte. cDNA was amplified in 35 cycles, consist-
ing of denaturing for 15 s at 94 °C, annealing for 30 s at 55 °C, and
primer extension for 60 s at 68 °C. The PCR products were purified
using Microcon PCR Centrifugal Filter devices (Ambion) per manufac-
turer instructions. The University of Colorado Cancer Center DNA
Sequencing and Analysis Core Facility, which is supported by NCI,
National Institutes of Health Cancer Core Support Grant CA46934,
sequenced the DNA samples using an ABI Prism 3100 capillary auto-
mated sequencer (Applied Biosystems). Analyses of DNA sequences
were done with Sequencher 3.1 (Gene Codes Corp., Ann Arbor, MI).
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Fig. 1. UV induced PARP and caspase-7 cleavage can be inhib-
ited by IGF-I effects on phosphatidylinositol 3-kinase. MCF-7
cells were plated and serum-starved as described under “Experimental
Procedures.” The following day cells were treated with UV irradiation
(10 J/m?) with or without IGF-1 co-treatment (50 ng/ml). Where indi-
cated, the cells were exposed to 50 uM LY294002 for 40 min prior to UV
irradiation and/or IGF-1 treatment. The cells were lysed 6 h after UV
and/or IGF-1 treatment. The cell lysates were then subjected to Western
blot analyses to detect parental or cleavage forms of PARP and
caspase-7. The presence of the 85-kDa PARP and 20-kDa caspase-7
cleavage fragments indicate induction of apoptosis. SFM, serum-free
medium.

RESULTS

UV Induces Caspase-7 and PARP Cleavage in MCF-7 Cells—
Because UV irradiation frequently induces mitochondrial re-
lease of cytochrome ¢ and cleavage of caspase-9, we exposed
MCF-7 breast cancer cells to UV irradiation to induce apoptosis
via PARP and caspase-7 cleavage and also to determine
whether IGF-I co-treatment could inhibit UV-mediated cell
death. We also pretreated cells with LY294002, which blocks
the activity of phosphatidylinositol 3-kinase and downstream
Akt. Measurement of PARP cleavage was used as a direct
measure of apoptosis. Fig. 1 clearly shows that MCF-7 cells
that are induced to undergo apoptosis via UV irradiation are
protected by co-treatment with IGF-1, and this survival effect
can be blocked by LY294002. Because MCF-7 cells are deficient
in caspase-3, we also measured caspase-7 processing to deter-
mine whether it could function similarly to caspase-3 as an
effector caspase that can cleave PARP (Fig. 1). Caspase-7 cleav-
age patterns were very similar to those of PARP, in that UV
treatment resulted in caspase-7 cleavage, and IGF-I co-treat-
ment inhibited its cleavage. These data support a previous
study showing that caspase-7 catalytic activity can induce
PARP cleavage (28). By assessing both caspase-7 and PARP
cleavage, LY294002 not only reversed IGF-I-mediated sur-
vival, but it also enhanced cell death in the presence of UV
irradiation, presumably by inhibiting survival signals medi-
ated by phosphatidylinositol 3-kinase.

Caspase-9 Cleavage Is Unchanged with UV andfor IGF-I
Treatment—UV irradiation induces apoptosis among various
cell types in a mitochondrial-dependent manner (8). Following
irradiation, cytochrome ¢ is released from the mitochondria
into the cytosol, where it then complexes with Apaf-1, dATP,
and pro-caspase-9 to form the apoptosome. Once bound in the
apoptosome, pro-caspase-9 is processed to its active form, and it
then activates effector caspases-3 and -7 to complete the apo-
ptotic process. We sought to determine whether pro-caspase-9
is processed as expected in our MCF-7 cells and whether IGF-I
could inhibit pro-caspase-9 cleavage. Again, UV treatment of
MCF-7 cells induced PARP cleavage (Fig. 2). Despite the UV-
induced PARP cleavage, we observed no detectable changes in
the amount of caspase-9 cleavage following UV treatment. Also
intriguing was the amount of caspase-9 cleavage present in the
absence of stress (Fig. 2, Serum lane, negative control). Under
normal conditions, pro-caspase-9 is not processed unless a
stress signal induces cells to undergo apoptosis. In MCF-7 cells,
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Fic. 2. UV-induced apoptosis and IGF-I-mediated survival ef-
fects are caspase-9-independent. MCF-7 cells were plated and se-
rum-starved as described under “Experimental Procedures.” The fol-
lowing day cells were treated with UV irradiation (10 J/m?®) with or
without IGF-I co-treatment (50 ng/ml). Six hours after treatment, the
cells were harvested, and the lysates were subjected to Western blot
analyses for PARP and pro-caspase-9 cleavage. SFM, serum-free
medium.

pro-caspase-9 is processed to a small extent even in unstressed
cells. We confirmed that the cleavage product observed in
MCF-7 cell lysates corresponded to the manufacturer’s positive
lysate control and not the negative lysate control, ruling out the
possibility that we were only detecting a nonspecific band (data
not shown). Caspase-9 cleavage was also unaltered by IGF-I
treatment, even though the cells were protected from apoptosis
(compare PARP cleavage minus and plus IGF-I treatment).

Caspase-3 Expression Does Not Sensitize Caspase-9 to UV
Treatment in MCF-7 Cells—The presence of some caspase-9
cleavage in untreated cells and the lack of a caspase-9 treat-
ment-mediated increase in cleavage both suggest either a de-
fect in endogenous pro-caspase-9 or the cellular machinery that
processes it. We reasoned that if endogenous pro-caspase-9 of
MCF-7 cells is defective, then transfected wild-type pro-
caspase-9 could rescue the defect in caspase processing and
should further enhance cleavage of the effector caspase-7. Be-
cause there is evidence to support a requirement for caspase-3
in the apoptosome for proper function (29), we also decided to
address the role of caspase-3 in our model. To distinguish
between these two possibilities, we transfected MCF-7 cells
with wild-type pro-caspase-9 and reassessed caspase-9 cleav-
age in the presence and absence of UV irradiation (Fig. 3).
Further, because a lack of endogenous caspase-3 could lead to
a defect in apoptosome function and subsequent caspase-9
processing, we assessed caspase-9 cleavage in MCF-7 cells sta-
bly expressing wild-type caspase-3. As shown in Fig. 34, tran-
siently transfected pro-caspase-9 is partially processed in
MCF-7 cells; however, it does not lead to enhanced processing
of effector caspase-7 after UV treatment. Fig. 8B illustrates
that caspase-9 cleavage products increase with transfection
even in the absence of UV-induced stress. Together, these
studies indicate that endogenous pro-caspase-9 is processed in
a similar fashion as transfected wild-type protein, ruling out a
defect in endogenous caspase-9 in MCF-7 cells and supporting
the possibility that UV-mediated apoptosis in MCF-7 cells is
caspase-9-insensitive. These data suggest an apoptosome de-
fect in MCF-7 cells.

Other investigators have shown that overexpression of
caspase-3 in MCF-7 cells enhances cleavage of pro-caspase-9 by
using in vitro reactions with exogenous pro-caspase-9 and cy-
tochrome ¢ (27). Although the presence of caspase-3 is evident
in the caspase-3 transfectants used in Fig. 3A (data not shown),
processing of endogenous caspases-9 and -7 were unaffected by
the presence of caspase-3 compared with parental MCF-7 cells.
Again, these data indicate that the defect lies upstream of
apoptosome formation, not within endogenous pro-caspase-9.

Stress Treatments Induce Cytochrome ¢ Translocation in
MCF-7 Cells—Because the initiator caspase-8 can also cleave
Bid to tBid and tBid translocation can induce cytochrome ¢
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Fic. 8. Overexpression of caspase-8 or -9 does not enhance
UV-mediated apoptosis in MCF-7 cells. Parental MCF-7 cells and
caspase-3 stable transfectants were transiently transfected with in-
creasing amounts of pro-caspase-9 as described under “Experimental
Procedures.” 24 h after transfection the cells were irradiated (10 J/m?)
and then harvested 6 h later. A, cell lysates were subjected to SDS-
PAGE and Western blot analyses to determine the extent of pro-
caspase-7 (p35) processing to a p20 fragment. The treatment-induced
appearance of the p20 cleaved caspase-7 fragment indicates induction
of apoptosis. B, pro-caspase-9 (p47) expression and cleavage to a p35
fragment was assessed with and without UV treatment. Western anal-
ysis of tubulin indicates protein loading in each lane.

release, we then tested whether there may be either an aber-
ration in mitochondrial function, preventing proper release of
cytochrome ¢, or a defect in the formation and/or function of the
apoptosome. Using the JC-1 assay, we first sought to determine
whether cellular stress results in mitochondrial membrane
depolarization. Further, we wanted to determine whether cy-
tochrome ¢ is properly localized and released from mitochon-
dria following UV irradiation. As a positive control for these
assays, we used HEK 293 cells. Many investigators have con-
firmed that UV induces mitochondrial membrane changes and
cytochrome ¢ translocation in these cells. In the JC-1 assay, we
used valinomycin treatment that generally induces mitochon-
drial membrane Ay changes in ~95-98% of either HEK 293 or
MCF-7 cells (Fig. 44). Although UV treatment also changed
mitochondrial membrane Ay, it was not as robust as with
valinomycin treatment in either cell line. Next, we also exam-
ined cytochrome ¢ cellular localization using cytochemistry.
With this assay we observed that in untreated MCF-7 cells,
cytochrome ¢ was somewhat diffusely localized in the cyto-
plasm, whereas the pattern of staining was more characteristic
of a mitochondrial, punctate staining in the HEK 293 cells (Fig.
4B). With UV or valinomycin exposure, cytochrome ¢ becomes
diffusely localized in the cytoplasm in both cell lines. These
studies confirm that like HEK 293 cells, MCF-7 cells can re-
spond to cellular stress by changing mitochondrial membrane
Ay and inducing cytochrome ¢ cytoplasmic translocation.
MCF-7 Cell Lysates Can Cleave Caspase-9 with Exogenous
Cytochrome c—Given our evidence that cytochrome ¢ release is
stimulated by either valinomycin or UV in MCF-7 cells yet
caspase-9 is unresponsive to treatment, we decided to deter-
mine whether the defect in pro-caspase-9 processing lies within
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the endogenous cytochrome c¢ protein itself. Both MCF-7 and
HEK 293 cell lysates were obtained from either untreated cells
or cells exposed to valinomycin (to stimulate endogenous cyto-
chrome ¢ release) prior to harvesting. We then performed in
vitro caspase-9 cleavage assays (Fig. 5A). Wild-type pro-
caspase-9 was in vitro transcribed and translated in the pres-
ence of [**S]methionine; this protein was then incubated with
80 pug of MCF-7 or HEK 293 cell lysates described above.
Exogenous cytochrome ¢ was added to some reactions (as indi-
cated) as a positive control to ensure the presence of functional,
wild-type cytochrome c. The reactions were allowed to proceed
for 4 h at 30 °C before being subjected to SDS-PAGE and
autoradiography. Untreated MCF-7 and HEK 293 cell lysates
do not cleave 35S-labeled pro-caspase-9 (Fig. 54). When exoge-
nous cytochrome ¢ and dATP were added to the lysates,
caspase-9 cleavage increased proportionate to the concentra-
tion of cytochrome ¢ present in the reactions. Lysates from
valinomycin-treated HEK 293 cells led to the presence of en-
dogenous cytochrome c¢ in the reaction and pro-caspase-9 cleav-
age, comparable with lysates treated with 18 um cytochrome c.
In stark contrast, lysates from MCF-7 cells treated with vali-
nomycin did not induce cleavage of caspase-9, even though
endogenous cytochrome ¢ levels were comparable with those
seen in the HEK 293 valinomycin-treated cells. The observa-
tion that pro-caspase-9 can be cleaved only when exogenous
cytochrome ¢ is added to MCF-7 cell lysates suggests that
endogenous Apaf-1 is functioning normally to form the apopto-
some and that caspase-9 cleavage resistance results from an
aberration in the endogenous cytochrome ¢ of MCF-7 cells.

We then wanted to confirm our results indicating that en-
dogenous cytochrome ¢ cannot induce apoptosome formation
and subsequent cleavage of pro-caspase-9. Further, we wanted
to determine whether endogenous pro-caspase-9 cleavage could
be enhanced when exogenous cytochrome ¢ is added. To this
end, the same reactions were performed as in Fig. 54 but in the
absence of in vitro [*®S]methionine-labeled pro-caspase-9. In
this instance, endogenous cleaved caspase-9 and cytochrome ¢
in each reaction were analyzed by Western blot after perform-
ing the same reaction conditions as described for Fig. 5A. As
illustrated in Fig. 5B, caspase-9 cleavage only occurred in
MCF-7 lysates that contain exogenous cytochrome ¢. In con-
trast, HEK 293 cell lysates were capable of processing pro-
caspase-9 when either endogenous or exogenous cytochrome ¢
was present in the reactions, as confirmed by Western blotting
with an antibody specific for cytochrome ¢ (Fig. 5B). Because
MCF-7 breast cancer cells may vary from source to source as a
result of in vitro culturing conditions, we decided to obtain
MCF-7 cells from an outside source to assess whether our
observations can be generalized. Although a more punctate
pattern of cytochrome ¢ was observed by cytochemical analysis,
we confirmed that the other MCF-7 cells showed an identical
pattern of caspase-9 cleavage as our original MCF-7 cells (data
not shown).

The ability of MCF-7 cells to process pro-caspase-9 only in
the presence of exogenous cytochrome ¢ indicates either a de-
fect in the endogenous cytochrome ¢ protein or the presence of
an inhibitor specific to cytochrome ¢ that can be overcome by
the addition of excess protein. Thus, cytochrome ¢ was se-
quenced using a reverse transcription-PCR-generated product
from MCF-7 cells and compared with the human, wild-type
cytochrome c¢. No mutations or truncations were observed in
the MCF-7-derived cytochrome ¢ (data not shown), confirming
its wild-type sequence and further supporting the function of a
cytoplasmic, cytochrome ¢ inhibitor expressed in MCF-7 breast
cancer cells.
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MCF-7

QOuerexpression of Bel-2 Does Not Inhibit UV-mediated Apo-
ptosis—Our results thus far indicated that MCF-7 cells do not
utilize the intrinsic pathway for UV-mediated apoptosis. We
wanted to use other approaches to confirm these observations
and also to assess what point in the pathway contributes to a
lack of caspase-9 activity. Bel-2 function is a critical inhibitor of
the intrinsic pathway in two potential ways. First, Bcl-2 (and
Bcl-XL) can homodimerize to inhibit apoptosis by maintaining
mitochondrial membrane potential in the presence of an apo-
ptotic stimuli (15, 16). Second, Bel-2 (and Bel-XL) can bind
within the apoptosome to inhibit its function (17, 18, 30). To
begin these studies untransfected MCF-7 cells were treated
with UV and compared with MCF-7 cells that were transfected
with either empty vector or vector containing Bel-2 and then
later treated with TNF-« or UV. Again, caspase-7 cleavage was
used as a measure of apoptosis. Fig. 64 shows that mock
transfected cells were slightly more sensitive to apoptosis com-
pared with untransfected control cells. Cells transfected with
Bcl-2 experienced a modest degree of protection from both
TNF-a- and UV-mediated apoptosis when overexpressing Bel-2
compared with the mock transfected cells. Bcl-2 and a-tubulin
Western blot analyses confirmed Bcl-2 overexpression of trans-
fectants and even loading of each sample, respectively. These
data again indicate that the intrinsic pathway does not signif-
icantly contribute to UV-mediated apoptosis.

XIAP Binding to Caspase-9 Is Unaltered by UV Treatment—
Recent attention has focused on XIAP binding and inhibition of
caspase-9 activity as an important mechanism for caspase-9
resistance to apoptotic stimuli. Therefore, we decided to eval-
uate whether XIAP may be contributing to caspase-9 resist-
ance. We were unsuccessful at using XIAP as an siRNA target
to determine whether inhibition of XIAP would lead to
caspase-9 sensitivity, thus we tested whether binding XIAP to
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Fi6. 5. MCF-7 cells cleave pro-caspase-9 in the presence of
exogenous cytochrome c. A, pro-caspase-9 was in vitro transcribed
and translated in the presence of [*®S]methionine as described under
“Experimental Procedures.” The protein was incubated with 80 pg of
cell lysates from MCF-7 or HEK 293 cells with or without cytochrome
(Cyto) ¢ for 4 h at 30 °C. Different amounts of cytochrome ¢ were added
as indicated. The reactions were then subjected to 15% SDS-PAGE and
autoradiography. B, reactions were assembled as described in A except
for the omission of any exogenous pro-caspase-9. Endogenous cleaved
caspase-9 and cytochrome ¢ (endogenous or exogenous) were analyzed
by 15% SDS-PAGE followed by Western blot analyses.
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not affect UV-mediated apoptotic
responses, and XIAP binding to
caspase-9 is unaltered by UV treat-
ment. A, MCF-7 cells were transfected
with either empty vector (mock) or Bel-2 ,
as described under “Experimental Proce-

dures” or not transfected (control). Forty-

eight hours post-transfection apoptosis

was induced by TNF-« (100 ng/ml) or UV

irradiation (10 J/m?). Six hours later the

cells were harvested, and the cell lysates

were subjected to SDS-PAGE and West-

ern blot analyses to determine the extent

of caspase-7 cleavage and Bcl-2 expres-

sion. Western analysis of tubulin indi-

cates similar protein loading in each lane. B.
B, MCF-T7 cells were plated and serum-
starved, The following day cells were
treated with UV irradiation (10 J/m?). At
the times indicated, the cells were har-
vested and lysed. The lysates were immu-
noprecipitated with cross-linked anti-
caspase-9 beads as described under
“Experimental Procedures.” Immunopre-
cipitation reactions (fop panel) as well as
60 ug of whole cell lysates from the same
samples (bottom panel) were then sub-
jected to SDS-PAGE and Western blot
analysis. Pro-caspase-9 Western analysis
was used as a loading contro! for im-
munoprecipitations. SFM, serum-free
medium.
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caspase-9 may be altered with either IGF-I and/or UV treat-
ment. Fig. 6B illustrates that XIAP was co-immunoprecipitated
with a caspase-9 antibody, and its binding did not significantly
change with either IGF-I or UV treatment at various time
points. Western blot analyses of the same samples using whole
cell lysates showed that cleaved caspase-9 and XIAP expression
were also unchanged. In conclusion, we believe that the intrin-
sic pathway is inactive in MCF-7 cells, and this defect may be
a result of an inhibitor of cytochrome ¢ or the apoptosome.
UV Treatment Induces PARP and Caspase-8 Cleavage Inde-
pendent of Caspase-9—Despite our results showing that the
intrinsic pathway does not transmit an apoptotic signal in
MCF-7 cells, our studies also confirm that MCF-7 cells can
undergo UV-induced apoptosis. Typically, UV irradiation in-
duces cells to undergo apoptosis via mitochondrial release of
cytochrome ¢ from the intermembrane space into the cytosol.
Cytochrome ¢ in the cytosol, in the presence of dATP, com-
plexes with Apaf-1 and pro-caspase-9, resulting in caspase-9
autocatalytic activity. Although poorly characterized, other
studies have suggested that caspase-8 could be indirectly in-
volved in UV-mediated cell death by subsequent cytokine re-
lease and receptor activation or via a positive feedback loop
subsequent to caspase-9 activation (31-33). In an effort to
identify the caspase-9 independent pathway induced by UV
irradiation, we asked whether UV could induce cleavage of the
initiator caspase-8, which could then cleave caspase-7. As a
positive control for caspase-8 activation, MCF-7 cells were
treated for 4, 6, or 8 h with TNF-« and cycloheximide. As shown
in Fig. 7, TNF-« induced activation of caspase-8 and PARP
cleavage, indicating that the cells were undergoing apoptosis
as expected. Interestingly, UV irradiation also activated
caspase-8, although to a lesser extent than with TNF-«. PARP
cleavage was also less robust with UV treatment at the dose
used (10 J/m?). Again, caspase-9 cleavage was insensitive to
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Fig. 7. TNF-a and UV treatment both result in caspase-8 and
PARP cleavage, whereas caspase-9 cleavage is unchanged. To
determine whether UV treatment can result in activation of the initi-
ator caspase-8, MCF-7 cells were serum-starved for 18 h before treat-
ment with either UV irradiation (10 J/m® or TNF-« (100 ng/ml) and
cycloheximide (1 pg/ml). At the times indicated, the cells were har-
vested. The cell lysates were subjected to SDS-PAGE and Western blot
analyses to determine the extent of PARP, caspase-9, and caspase-8.
Western analysis of tubulin indicates similar protein loading in each
lane.

either treatment, indicating that apoptosis was occurring inde-
pendently of caspase-9 and that pro-caspase-8 may be the ini-
tiator caspase with UV treatment. Because catalytically active
caspase-8 is known to cleave the effector caspase-7, we con-
clude that UV-mediated apoptosis can occur independently of
mitochondrial release of cytochrome ¢ and subsequent activa-
tion of caspase-9 (5, 6).

To determine the role of caspase-8 in UV-induced apoptosis
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Fic. 8. Inhibition of caspase-8 by Z-IETD-FMK results in re-
duction of TNF-a- and UV-induced apoptosis. To investigate the
contribution of caspase-8 to apoptosis, MCF-7 cells were pretreated
with 80 uM Z-IETD-FMK or Me,SO (DMSO) only (vehicle control) for 30
min prior to treatment with TNF-« (100 ng/ml) or UV irradiation (10
J/m?). Six hours later the cells were harvested, and the cell lysates were
subjected to SDS-PAGE and Western blot analyses to determine the
extent of PARP and caspase-7 cleavage. Western analysis of tubulin
indicates similar protein loading in each lane.

more directly, we took advantage of a commercially available
cell-permeable caspase-8 inhibitor, Z-IETD-FMK. As shown in
Fig. 8, treatment with Z-IETD-FMK dramatically reduced apo-
ptosis following treatment with either TNF-a or UV irradiation
in MCF-7 cells, as measured by PARP and pro-caspase-7 cleav-
age. Cleavage of pro-caspase-8 was unaffected with Z-IETD-
FMK treatment, as expected, because the mechanism of action
of the inhibitor is to block the active site of caspase-8 rather
than inhibiting pro-caspase-8 processing (data not shown).
These results demonstrate a critical role for caspase-8 in both
TNF-a- and UV-induced apoptosis pathways in MCF-7 cells.

DISCUSSION

Under normal circumstances, apoptotic pathways are tightly
regulated in organisms to assure appropriate growth and de-
velopment. Clearly, aberrations of apoptosis have been docu-
mented in many diseases such as autoimmunity and cancer. In
an effort to identify the underlying mechanisms of these dis-
eases, executioners of apoptosis such as caspases, Smac/Diablo,
and pro-apoptotic Bel-2-related proteins have been described,
along with proteins that inhibit apoptotic responses to cellular
stress including IAPs and anti-apoptotic Bcl-2-related proteins.
Much attention has focused on the function of caspase-9 and its
requirement of the apoptosome for activity. Caspase-9 is of
particular interest because it initiates cell death in response to
non-cytokine-mediated cellular stress. The tightly regulated
function of caspase-9 is crucial for development of the central
nervous system; embryos of caspase-9 and Apaf-1 knockout
mice show gross abnormalities in the brain and central nervous
system (reviewed by Ranger et al. (34)).

In contrast, aberrations in mitochondrial apoptotic signals or
caspase-9 function are better tolerated and more frequently
observed in cancer cells resulting in treatment resistance (35).
Because activated Akt phosphorylates pro-caspase-9 to inhibit
its activity (13) and because caspase-9 is required downstream
of p53 for p53-mediated apoptosis (25, 36), caspase-9 has be-
come an important cancer target. Loss of p53 function or p53-
mediated responses are both commonly observed in various
forms of cancer; thus understanding the potential mechanisms
of caspase-9 resistance to stress stimuli is of utmost importance
in offsetting treatment resistance. To this end, significant pro-
gress has been made to identify the mechanisms for Bcl-2 or
Bcl-XL-mediated cell survival and treatment resistance. One
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mechanism for these effects is the ability of these proteins to
inhibit mitochondrial membrane potential and cytochrome ¢
release (15, 37), as well as their ability to bind and inhibit the
activity of the apoptosome (14, 17, 18). Thus, overexpression of
these proteins alters cellular response to stress at the level of
the mitochondria and/or the apoptosome. Bcl-2 overexpression
in MCF-7 cells had little effect after UV treatment, indicating
either that the intrinsic pathway is not significantly contribut-
ing to the induction of apoptosis in these cells or that Bel-2 is
not inhibiting apoptosome function. IAPs can also inhibit apo-
ptosis via binding to caspases-3, -7, and -9; the BIR3 domain of
XIAP inhibits caspase-9 by direct binding to caspase-9 within
the apoptosome (19, 20, 38). In our model, endogenous XIAP
binding to caspase-9 did not significantly change with UV
treatment. Because XIAP can also bind and inactivate
caspase-7, we do not believe that role for XIAP is supported in
this model because caspase-7 appears to be cleaving PARP in
the absence of caspase-3. We show that in MCF-7 cells, other
mechanisms of resistance must also exist that affect cyto-
chrome ¢ function. To our knowledge, this is the first report
identifying an aberration in cytochrome ¢ function after mito-
chondrial release, resulting in caspase-9 unresponsiveness.

Given the importance of cytochrome ¢ in cell respiration and
metabolism, one would expect that cells would not survive
gross changes in protein structure or mitochondrial function.
Indeed, we did not observe any alterations in the DNA se-
quence of cytochrome ¢ derived from MCF-7 cells. Given that
MCF-7 cells were able to respond to cellular stress by releasing
mitochondrial cytochrome ¢ but that only exogenous cyto-
chrome ¢ induced notable caspase-9 cleavage changes, we be-
lieve that our data are consistent with the presence of a cyto-
plasmic inhibitor of cytochrome ¢. In reviewing the literature to
compare our findings, we note that many investigators have
assessed pro-caspase-9 cleavage in MCF-7 cells using a cell-free
system (4, 33) or microinjection of exogenous cytochrome c,
concluding that MCF-7 cells are cytochrome c-insensitive (39).
Typically, exogenous forms of pro-caspase-9, dATP, and cyto-
chrome ¢ are used in these reactions to detect caspase cleavage
with high specificity and sensitivity, but they are not designed
to test the function of endogenous caspase-9 or cytochrome c.
Although microinjection of cytochrome ¢ tests the function of
endogenous proteins downstream of the mitochondria, it also
does not ascertain endogenous cytochrome ¢ function. Further,
by adding exogenous cytochrome ¢, both assays may increase
cytochrome ¢ concentrations beyond that which any endoge-
nous inhibitor can bind.

Other investigators report that caspase-9 transfection of
MCF-7 cells induces apoptosis, independent of treatment (9,
40). We also have observed treatment-independent apoptosis
with MCF-7 cells overexpressing pro-caspase-9 but only after
reaching very high expression levels. In the studies described
herein, we specifically expressed levels of caspase-9 that did
not lead to apoptosis in the untreated transfectants to best
mimic the in vivo functions of stress-induced caspase-9 activity.
Finally, some groups have described treatment-induced cleav-
age of endogenous caspase-9 using MCF-7 cells (41). Such
disparate results may occur from irn vitro selection conditions
because it is well accepted that the MCF-7 cell line may vary
depending on in vitro culture conditions. We have confirmed
our findings using MCF-7 cells from another source but are
unable to study all sources. Despite these potential variations,
we propose that MCF-7 cells offer a unique opportunity to
study apoptotic mechanisms that occur independent of cyto-
chrome c.

These considerations do not detract from the novelty of our
findings, in that alterations in cytochrome ¢ function have been



45800

greatly overlooked to date, whereas other mechanisms of re-
sistance to apoptosis have been rapidly advanced. Because
cytochrome c is a necessary component of the apoptosome, its
loss of function would have notable consequences to chemically
induced apoptosis in most cells. Surprisingly, our findings with
MCF-7 cells suggest that this may not be the case in our
particular model. Our data are consistent with a cytochrome
c-independent, caspase-dependent pathway conveying UV-me-
diated apoptosis. We propose that caspase-8 can function as the
initiator caspase in these circumstances. MCF-7 cells neither
express full-length caspase-3 to induce a positive feedback loop
(33) nor appear to induce apoptosome formation in vivo. Fur-
ther, caspase-2 cleavage was unchanged with UV treatment
(data not shown). Thus, our data support that caspase-8 acti-
vation by UV treatment results in caspase-7 and PARP cleav-
age, without the requirement of tBid to induce cytochrome ¢
translocation and pro-caspase-9 cleavage (see Ref. 42 for
review).

We were also intrigued by the observation that MCF-7 cells
harbor cleaved caspase-9 in an unstressed state. We propose
two possible explanations for this observation. First, in the
presence of a cytochrome ¢ inhibitor, the level of cleaved pro-
caspase-9 may be below the threshold necessary for induction
of apoptosis, although with pro-caspase-9 transfection we ob-
served significantly higher levels of cleavage product without
any apparent changes in downstream caspase-7 or PARP. An-
other explanation may lie in the observations made by Alnemri
and co-workers (4, 10) using an Apaf-1 mutant (Apaf-530) that
lacks its WD-40 repeats and thus cannot bind cytochrome c.
Experiments using this Apaf-1 mutant show that it oligomer-
izes and processes pro-caspase-9 in the absence of cytochrome
¢ and dATP. However, processed caspase-9 is not released from
the apoptosome. Although not directly comparable, these find-
ings may explain why we observe some cleaved caspase-9 in
unstressed MCF-7 cells that may have no effect on apoptosis if
not released from the apoptosome. On the other hand, deletion
of the WD-40 domain may simply result in the loss of an
inhibitory function on Apaf-1 itself (4), suggesting that this
mutant better describes the importance of the WD-40 domain
on Apaf-1 structure than on the importance of cytochrome ¢
binding. In fact, little is known structurally about how cyto-
chrome ¢ binds to Apaf-1 to form a functional apoptosome or the
consequences of cytochrome ¢ inhibition in this model. How-
ever, studies to identify the cytoplasmic, cytochrome ¢ inhibitor
and to characterize its biological function(s) are currently un-
derway in our laboratory.
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Insulin-like growth factor-I receptor (IGF-IR) is fre-
quently overexpressed in a variety of cancer types. Since
many breast tumors and cancer cell lines overexpress
IGF-IR, we tested IGF-I effects on chemotherapy-treated
breast cancer cells. IGF-I protects from chemotherapy-
induced apoptosis, suggesting that overlapping signaling
pathways modulate IGF-I and chemotherapy treatment
outcomes. Taxol and other chemotherapy drugs induce c-
Jun N-terminal kinase (JNK), a kinase that conveys
cellular stress and death signals. Notably, in this paper we
show that IGF-I alone induces a potent JNK response and
this activity is reversed by inhibition of phosphatidylino-
sitol 3-kinase (PI 3-kinase) with LY294002 in MCF-7 but
not T47D cells. Cotreatment of cells with chemotherapy
and IGF-I leads to additive JNK responses. Using cells
overexpressing Akt, we confirm that IGF-I-mediated
survival is Akt dependent. In contrast, overexpression of
JNK significantly enhances Taxol-induced apoptosis and
inhibits IGF-I survival effects. Further, JNK attenuates
anchorage-independent growth of MCF-7 cells. The
inhibitory effect of JNK appears to be mediated by serine
phosphorylation of IRS-1 (insulin receptor substrate)
since both Taxol and IGF-I treatment enhanced Ser®?
IRS-1 phosphorylation, while LY294002 blocked 1GF-I-
mediated phosphorylation. Taken together, these data
provide a mechanism whereby stress or growth factors
activate JNK to reduce proliferation and/or survival in
breast cancer cells.
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Introduction

The importance of insulin-like growth factor-I receptor
(IGF-IR) action in breast cancer has been clearly
demonstrated. Its expression has been observed in
87% of breast cancer specimens (Peyrat et al., 1990),
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and overexpressed IGF-IR in human tumor specimens is
functional, having increased kinase activity compared to
normal mammary tissue (Resnik et al., 1998). Further-
more, Cullen and colleagues (Cullen et al., 1990; Singer
et al., 1995) have shown that breast cancer evolution is
associated with the induction of IGF-II secretion,
another IGF-IR ligand, from stromal cells neighboring
malignant breast tissue. Butler ez a/. (1998) have shown
that systemically administered IGF-I stimulates tumor
growth in mice in a dose-dependent fashion using NIH
3T3 cells overexpressing IGF-IR. Inhibition of IGF-IR
activity by overexpression of a dominant-negative form
of IGF-IR in MDA-MB-231 and MDA-MB-435 breast
cancer cell lines inhibits the adhesion, invasion, and
metastasis of these cells, as well as enhances their
sensitivity to Taxol-induced cell death (Dunn et al,
1998). Some of these IGF-IR-mediated tumorigenic
properties may be attributed to its central role in the
regulation of proteins important for either matrix
attachment or cell survival.

Activated IGF-IR imparts both survival and prolif-
erative effects in various experimental models including
neuronal and cancer cells. After IGF-IR autopho-
sphorylation, IGF-IR complexes with and tyrosine
phosphorylates IRS docking proteins which then
activate second messengers, such as mitogen-activated
protein kinase (MAPK), also known as extracellular
signal-related kinase (ERK) and PI 3-kinase. Recently,
many significant observations have been published
regarding the role of serine/threonine kinases that
phosphorylate IRS-1. Interestingly, serine phosphoryla-
tion of IRS-1 by downstream kinases can regulate IRS-1
tyrosine phosphorylation status and its ability to serve
as a substrate to insulin receptor (IR) or IGF-IR. Based
on IRS-I’s sequence, there are 35 potential serine/
threonine phosphorylation sites. Some of these sites,
when phosphorylated, result in either sustained or
abbreviated IRS tyrosine phosphorylation, modifying
downstream responses in a positive or negative fashion.
Activation of pathways involving PI 3-kinase, Akt,
GSK3 (glycogen synthase kinase-3), MAPK, and c-Jun
N-terminal kinase (JNK) (among others) is known to
serine phosphorylate various IRS-1 sites and presum-
ably the duration of IGF-I or insulin signaling. Further,




IRS-1 signaling may be mediated by proteasome
degradation subsequent to ligand binding; this activity
is also mediated through PI 3-kinase but not MAPK
(Lee et al., 2000).

Soon after PI 3-kinase activity is enhanced by binding
to IRS-1, activation of downstream kinases Akt and/or
p70 S6 kinase occurs. PI 3-kinase activation of Akt
conveys many growth-factor-dependent survival effects
(Kennedy et al., 1997). Enhanced Akt activity results in
inhibition of many cell death proteins through phos-
phorylation of BAD (BCL-X;/BCL-2 associated death
promoter) (Datta ez al., 1997), the protease caspase-9
(Cardone et al., 1998), and the forkhead transcription
factor family (Brunet et al., 1999).

In addition to inducing PI 3-kinase-dependent re-
sponses, IGF-I also strongly activates MAPK in MCF-7
and T47D breast cancer cells. MAPK inhibition by the
pharmacologic agent PD0908059 reduces proliferation
of MCF-7 and T47D cells, thus implicating a role for
MAPK in IGF-I-mediated proliferation (Hermanto
et al., 2000). Another MAPK family protein that is also
activated by IGF-I is JNK (Monno et al, 2000);
however, the function of this activation is poorly
understood. In fact, others have shown that IGF-I
pretreatment inhibits JNK activity induced by tumor
necrosis factor-o (TNF«), and anisomycin in 293 celis
(Okubo et al., 1998). Since JNK is activated by diverse
cell stimuli, including stress, growth factors (i.e.
epidermal growth factor (EGF)), and cytokines (i.e. TNFa
and interleukin-1) (Sluss et al., 1994; Whitmarsh et al.,
1995; Rosette and Karin, 1996), INK-mediated effects
can be proapoptotic, proliferative, or antiproliferative.

JNK is best characterized by its sensitivity to stress
treatments like anisomycin, irradiation, and TNFa.
Many chemotherapy drugs also induce JNK as a result
of DNA damage or microtubule interference. In
particular, microtubule-interfering agents (MIAs), such
as paclitaxel (Taxol) and docetaxel (Taxotere), activate
JNK through pathways involving Ras and ASKI
apoptosis signal-regulating kinase-1 (Chen et al., 1996;
Wang et al., 1998), indicating that activation of JNK is
needed to initiate the microtubular disarray caused by
MIAs. Thus, there is considerable evidence to support
the role of JNK in regulating apoptosis following
cellular stress. When JNK activity is enhanced by
chemotherapeutic agents and radiation, it signals cells
to undergo programmed cell death (Chen et al., 1996;
Wang et al., 1998).

In this study, we investigated the mechanism(s) of
IGF-1 survival responses in chemotherapy-treated
breast cancer cells. We focused on JNK activation by
the MIA, Taxol, and sought to determine if this
activation might be altered by IGF-I cotreatment in
breast cancer cells. We initially hypothesized that IGF-
IR chemoprotective effects in our model result from
stimulation of PI 3-kinase and its downstream effector,
Akt. Here, we confirm that Akt has a significant role in
IGF-I-mediated survival, however, we also show that
IGF-I treatment alone potently activates JNK in breast
cancer cell lines. In MCF-7 cells, but not in T47D cells,
this action is significantly reduced by PI 3-kinase
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inhibition. Cotreatment of breast cancer cells with Taxol
and IGF-I results in an additive increase in JNK
activity. The resulting cellular outcome of JNK over-
expression is attenuation of IGF-I responses. These
inhibitory effects of JNK on IGF-I responses appear to
result from phosphorylation of human Ser®? (corre-
sponding to rat Ser’®”) on IRS-1. Altogether, these
results suggest that IGF-I may downregulate its own
survival effects via activation of JNK, thus abrogating
its ability to promote cell survival or proliferation.

Materials and methods

Cell culture and treatments

MCF-7 cells were provided by C Kent Osborne (San Antonio,
TX, USA) and T47D cells were obtained from the University
of Colorado Cancer Center, Tissue Culture Core (Denver, CO,
USA). Both cell lines were maintained in full media improved
minimal essential medium (IMEM) with phenol red (Media-
tech, Herndon, VA, USA) supplemented with 10% fetal
bovine serum (Gemini, Calabasas, CA, USA), antibiotics,
glutamine, and insulin. In each experiment, cells were plated in
full media and cultured overnight at 37°C and 5% CO,. The
following day, cells were washed twice with warm phosphate-
buffered saline (PBS, Biofluids, Rockville, MD, USA) and
then cultured overnight in serum-free media (SFM). The next
day, cells were treated with IGF-I (Bioreclamation, Hicksville,
NY, USA and the National Hormone and Pituitary Program
obtained from NHPP, NIDDK and Dr AF Parlow), Taxol
(paclitaxel (Mead Johnson, Princeton, NJ, USA)), or Taxotere
(docetaxel (Rhone-Poulenc Rorer Pharmaceuticals, College-
ville, PA, USA)) as described in figure legends. Pretreatments
with either 100nM wortmannin or 50-100 um LY294002 as
indicated (Calbiochem and Alexis Biochemicals, respectively,
San Diego, CA, USA) were performed 40min prior to
stimulation with IGF-1. All protein concentrations from cell
extracts were determined using a Bio-Rad D/C protein assay
kit (Bio-Rad, Hercules, CA, USA).

Transfection experiments

Hemagglutinin (HA)-tagged Akt and Akt (K179A, kinase
dead) vectors were graciously provided by ME Greenberg
(Datta et al., 1997). The myr-HA-Akt pcDNA3 construct was
a gift from JR Testa (Mitsuuchi et al., 2000). JNK and JNK
(T183A/Y18S5F, kinase dead) pcDNA3 constructs were ob-
tained from C Franklin, University of Colorado Health
Sciences Center. Generation of both wild-type (Wt) and
mutant (Mt) Akt and JNK stable transfectants was performed
by plating 2x 10° of MCF-7 cells per 10cm dish. The
following day, cells were transfected with 10 ug of DNA by
lipofection (Lipofectamine™, Gibco BRL, Grand Island, NY,
USA). Control cells were transfected with empty vector. After
24-48 h, cells were selected with 800 ug/m! of G418. Individual
resistant colonies were isolated and expanded. Detection of
clones overexpressing either Akt and JNK Wt or Mt genes was
performed by Western blot analysis using HA-probe (F-7)
primary antibody (sc-7392, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). For transient transfections, 1.8 x 10¢ MCF-7
cells were plated in 60 mm dishes. The next day, cells were
transfected using Lipofectamine™ and Plus™ reagent according
to product(s) instructions (Gibco BRL, Grand Island, NY,
USA). Cells were then placed in SFM overnight prior to
treatment.
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JNK assay and Western blot analysis

As a positive control for JNK activation, cells were plated and
serum-starved as described previously. UV irradiation was
performed by exposing cells to UVC (ultraviolet-C, 50 J/m?) in
a Strategene UV linker 1800 (Stratagene, La Jolla, CA, USA).
Cells were then incubated at 37°C in 5% CO, for 50 min before
preparing cell lysates. Other cells were plated and serum-
starved and then exposed to either IGF-I and/or chemother-
apy as indicated. Tissue culture dishes were washed twice with
ice-cold PBS. Cells were harvested and in vitro kinase assays
were performed as described previously (Hibi et al., 1993)
using cell lysate volumes corresponding to 400-600 ug of total
protein. The products were then resolved by 10% SDS-PAGE
(polyacrylamide gel electrophoresis). The gel was dried and
subjected to radiography. Additionally, phosphorylated c-jun
product incorporating P was quantitated by PhosphorIlmager
analysis.

To assure that kinase reactions in each experiment contained
approximately equal amounts of JNK protein per sample,
10 gl of supernatant from each kinase reaction was run on a
10% SDS-PAGE. Proteins were transferred to Immobilon-P
transfer membrane (Millipore, Bedford, MA, USA) and JNK
protein quantity was verified by immunoblotting with JNK1
antibody (FL, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and enhanced chemiluminescence (Amersham, Piscat-
away, NJ, USA).

Akt substrate construct, affinity purification, immobilized and
soluble GST thrombin-Akt substrate

The peptide RPRAATF, corresponding to the sequence
containing the threonine phosphorylation site of GSK-3, was
fused in frame with GST in pGEX-4T-1 by first hybridizing the
oligonucleotides (5-AATTGCGTCCGCGTGCTGCCACC-
TTCG-3") and (5-AATTCGAAGGTGGCAGCACGCGGA-
CGC-3) to produce a double-stranded DNA with EcoRI
sticky ends. This DNA fragment was then cloned into the
EcoRI site of pGEX-4T-1 (Pharmacia Biotech, Piscataway,
NJ, USA), regenerating only one EcoRI site. A construct with
the insert in the correct orientation was identified by restriction
analysis and sequencing (University of Colorado Cancer
Center DNA Sequencing Core Service). Affinity purification
of the GST thrombin-Akt substrate fusion protein was
performed as described by Smith and Johnson (1988).

Akt assay

After IGF-I treatment, tissue culture dishes were washed twice
with ice-cold PBS. Cells were harvested in lysis buffer and
kinase assays performed, as previously described (Franke et al.,
1995), using volumes of precleared lysate containing 400 ug of
total protein for each sample. Reactions were terminated with
15 ul of 4 x sample buffer. The products were then resolved by
10% SDS-PAGE. The gel was dried and subjected to
radiography. Additionally, phosphorylated product incorpor-
ating ¥P was quantitated by PhosphorImager analysis.
Immunoprecipitation or Western blot analysis of Aktl was
performed using anti-Aktl antibody (C20, Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

Apoptosis assays

A total of 75000 MCF-7 cells were plated in each 1.7cm?
chamber of Biocoat CultureSlides™ (Falcon, Becton Dickinson
Labware, Franklin Lakes, NJ, USA). Cells were cultured
overnight as described above. The following day, cells were
washed twice with PBS and then exposed to SFM control,
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IGF-1 50 ng/ml alone, Taxol 0.02 uM alone, or Taxol plus IGF-
I as described in figure legends. At 48h after exposure to
treatment cells were fixed in 3% formaldehyde in PBS for
5min, washed three times with PBS, and nuclei were stained
with a solution containing 15 um Hoechst 33258 in PBS for
10min. A minimum of 200 cells were counted per treatment
and the nuclei morphology determined as viable or apoptotic
using a fluorescence microscope (Zeiss, Oberkochen, Ger-
many).

Poly(ADP) ribose polymerase (PARP) cleavage was mea-
sured in cells transiently transfected (see above) with myr-HA-
Akt-pcDNA3 or empty pcDNA3 vector. Additionally, PARP
experiments using overexpressed JNK were from the stably
transfected MCF-7 cells. Cells were treated as described above
and lysed using EB buffer (20mM Tris-HCI, pH 7.6, 0.25M
NaCl, 3mm EDTA, 0.5% IGEPAL CA-630 with freshly added
1 mM DTT (dithiothreitol), 1 mM phenylmethylsulfonyl fluor-
ide (PMSF), 20 pug/m! aprotinin, S ug/ml leupeptin, and 2 mM
Na orthovanadate). A total of 70pug of protein was then
resolved by 10% SDS-PAGE. Proteins were transferred to
nitrocellulose and Western blots performed using anti-PARP
antibody (H250, sc-7150, Santa Cruz Biotechnology, Santa
Cruz, CA, USA).

Anchorage-independent growth assays (AIG)

Parental MCF-7 or MCF-7 stable transfectants of Wt or Mt
JNK were suspended in 5% charcoal stripped serum (css)
(+IGF-I) and 0.4% SeaPlaque agarose (BioWhittaker Mole-
cular Applications, East Rutherford, NJ, USA) at a density of
15 x 10% cells/35mm dish. Cell suspensions were overlayed on a
solidified bottom layer of 5% CSS and 0.6% SeaPlaque
agarose and then incubated for 10 days at 37°C. Each group
was assayed in triplicate dishes. On day 10, colonies equaling
approximately >20 cells were counted.

IRS-1 immunoprecipitation and Western blot analysis

Nontransfected and transfected cells were treated with IGF-I
(50ng/ml) and/or LY294006 (50umM) according to figure
legends. Cells were transfected with either empty vector or
pEBG-JNK1 (a gift from Dr Kyriakis, Harvard University)
according to the method described above. Following culture
and/or transfection, cells were serum-starved overnight prior
to treatment. Following treatment, cell lysates containing
300 ug of protein were incubated with 2.4 ug of anti-IRS-1
antibody (Upstate Biotechnology, Lake Placid, NY, USA) and
30 ug of rProtein G Agarose beads (Gibco, Gaithersburg, MD,
USA) overnight at 4°C. Beads were washed three times in lysis
buffer and resuspended in sample buffer. Samples were loaded
on a 7% SDS-PAGE acrylamide gel, then transferred to
nitrocellulose. Membranes were blocked in 5% milk in TBST,
then incubated with either antiphospho-IRS-1(Ser**”) (Upstate
Biotechnology, Lake Placid, NY, USA) or an antiphosphotyr-
osine antibody (RC20, BD Transduction, San Diego, CA,
USA). All Western blots were analysed using enhanced
chemiluminescence according to the manufacturer’s instruc-
tions (Amersham, Piscataway, NJ, USA).

Data analysis

Apoptosis assays were analysed by multiple logistic regression
performed using SAS/PROC GENMOD, version 6.12 (SAS
Institute, Carey, NC, USA). Tests were performed for overall
effect of IGF-1 or the transfected gene on Taxol-induced
apoptosis, as well as for significant interaction effects between
IGF-I and the transfected gene. As multiple comparisons were




required to address all questions of interest, results were not
considered statistically significant unless the contrast reached
P<0.005.

Results

MIA treatment activates JNK in breast cancer cells

The various biological outcomes of IGF-I treatment of
breast cancer cells have been well described. However,
less is known about the signaling pathways that allow
IGF-I to convey its cytoprotective effects in chemother-
apy-treated cancer cells. We initially set out to measure
JNK response to chemotherapy in our model, and then
to determine if IGF-I treatment might suppress stress-
related signaling as a possible mechanism for its
inhibition of programmed cell death. JNK activation
in response to chemotherapy treatment has been
suggested to correspond to cell sensitivity to chemother-
apy (Potapova et al., 1995). Therefore, we tested if the
chemotherapeutic agents, doxorubicin, Taxol, and
Taxotere, induce JNK activity in MCF-7 breast cancer
cells. Treated cells were harvested at various time points
to determine the peak time of activation. Figure 1
illustrates that Taxol and Taxotere treatment of cells
induced JNK activity approximately threefold, while
JNK activation by doxorubicin is somewhat less than
threefold. A bimodal pattern of JNK activation was
observed with Taxol treatment, with early activation
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occurring at 2h of exposure and maximal activation
observed at 8 h. Taxotere treatment led to similar levels
of JNK induction as Taxol (= threefold over control),
however only one peak activation time occurred at 2h of
exposure.

IGF-I induces JNK via PI 3-kinase in MCF-7 cells

In order to study IGF-I’s ability to regulate JNK in
breast cancer cells, we measured the effect of IGF-I
treatment alone on JNK activity. Initially, we predicted
that IGF-I treatment alone would either (1) suppress
JNK signaling, since many treatments that stimulate
JNK result in cell death and IGF-I opposes this
response or (2) have minimal effect on JNK, as other
investigators have shown that tyrosine kinase receptor
activation leads to low levels of JNK activity, generally
peaking within 30min of exposure (Kyriakas et al.,
1994; Westwick et al., 1994; Fanger et al., 1997; Goedert
et al., 1997; Alblas et al., 1998). Figure 2 shows that
IGF-I potently stimulates JNK in both MCF-7 and
T47D breast cancer cells. Maximal JNK activity was
observed in MCF-7 cells after 2h of exposure, when
approximately a ninefold level of induction was typically
observed in multiple experiments with MCF-7 cells; this
JNK induction was notably more robust activation than
what we observed with the chemotherapy agents. In
T47D cells (Figure 2), JNK activation peaked at 30 min
and was somewhat less than that observed in MCF-7
cells.
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Figure 1 Taxol and Taxotere treatment increases JNK activity. (a) MCF-7 cells were treated with either doxorubicin (not shown
graphically), Taxol (W), or Taxotere (A) at concentrations indicated and harvested in a time-dependent fashion. UV (50 J/M?) was
used as a positive control for JNK activation in MCF-7 cells. Analyses of phosphorylated c-Jun(;_s) resulting from in vitro kinase
assays are shown. (b) The graph shows the combined results of two independent experiments (points: mean; bars: range)
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Figure 2 JNK activity is dramatically increased with 1GF-I treatment in MCF-7 cells. MCF-7 and T47D breast cancer cells were
treated with IGF-I (50ng/ml) in a time-course experiment. (a) Analyses of phosphorylated c-Jun(_7) resulting from in vitro kinase
assays of MCF-7 cells are shown. UV (50 J/M?) was used as a positive control for INK activation in MCF-7 cells. (b) The graph shows
the combined results of at least two independent experiments (mean +range)
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Figure 3 JNK activation by IGF-I is PI 3-kinase dependent in MCF-7 cells. (a) T47D and MCF-7 breast cancer cells were pretreated
with LY294002 or wortmannin as indicated for 40 min prior to 1GF-I treatment for 30 and 60min, respectively. Analyses of
phosphorylated c-Jun(;_7g) resulting from in vitro kinase assays are shown. (b) The graph shows the combined results of at least two

independent experiments (mean +range)

Since PI 3-kinase is a known second messenger for
IGF-IR signaling, we sought to then determine if IGF-I
activation of JNK is PI 3-kinase dependent. Addition of
the PI 3-kinase inhibitors, wortmannin and LY?294002,
to IGF-I-treated MCF-7 cells significantly reduced IGF-
I-dependent activation of JNK (Figure 3). Although
IGF-I induced JNK activity in both breast cancer cell
lines, use of both PI 3-kinase inhibitors showed that
IGF-I activation of JNK was PI 3-kinase dependent in
MCF-7 cells but not in T47D cells (Figure 3). These data
support the hypothesis that PI 3-kinase lies upstream of
JNK in MCF-7 cells treated with IGF-I and suggest that
IGF-I activation of JNK through PI 3-kinase may
influence IGF-I and/or Akt survival responses.

Combined IGF-1 and MIA treatment results in an additive
JNK response

We then assessed endogenous JNK response to cotreat-
ment using IGF-I and chemotherapy to determine if
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these two treatments might counteract one another’s
signaling through JNK. UV treatment was also studied
in cotreatment of cells to ascertain if IGF-I effects on
JNK agonists could be extended to other stress
treatments. MCF-7 cells were pretreated with either
Taxo! (for 5-7h) or Taxotere (for 1h), then IGF-I was
added for the last hour of exposure, in order to harvest
cells at the approximate times of maximal activity for
each treatment. Figure 4a and b shows JNK phosphor-
ylation of c-Jun substrate under the conditions described
above. In contrast to a previous report (Okubo et al.,
1998) and our predictions, IGF-I cotreatment of cells
did not interfere with JNK activation by other JNK-
activating agents. In fact, JNK induction was higher
with cotreatment when IGF-I was added after stress
treatment (Figure 4) or simultaneously (data not
shown). The greatest JNK activity was observed when
cells were treated for the duration of time seen for
maximal activity with each treatment alone. These
conclusions can be extended to other stress treatments
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Figure 4 IGF-I and chemotherapy cotreatment results in additive effects on JNK. (a) JNK activity was measured by exposing MCF-7
cells to Taxol (0.25 um) and IGF-I (50 ng/ml). Cells were exposed to wortmannin (100 nm) for 40 min at concentrations indicated prior
to IGF-I treatment. Western blot analyses of kinase reactions were performed to compare JNK protein levels for each treatment. (b)
Graphical representation of the above kinase assays showing the combined results of at least two independent experiments (mean +
range). (c) The effect of IGF-I cotreatment with Taxotere (1 uM for 2h) and UV (50 J/M? for 50 min) on JNK activity was tested by
exposing cells to each treatment until time of maximal response of each treatment. Western blot analysis was performed to compare
JNK expression in each treatment. (d) Each graph shown represents three independent experiments (mean+s.e.m.)
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that induce JNK activity like Taxotere and UV (Figure
4c and d). Western blots assessing total JNK protein in
kinase reactions confirm that changes in JNK activity
are not a result of changes in the amount of JNK protein
in the various samples. Because of the large increase in
JNK activity induced by UV, significant increases with
IGF-I cotreatment were more difficult to observe. Since
cotreatment with IGF-I and chemotherapy led to an
increase in JNK activity, we sought to determine if this
activation is reduced by PI 3-kinase inhibition. Wort-
mannin inhibited JNK activity in IGF-I treated samples
(Figure 4a and b). These data show that both stress
treatment and IGF-I treatment enhance JNK activity
and indicate that IGF-I survival responses may be
mediated in a complex manner involving both JNK and
Akt activation. JNK activation by both stress and
growth factor treatment may also indicate complex
signaling through different isoforms, resulting in differ-
ent biological responses (Potapova et al., 2000; Chen
et al., 2001; She et al., 2002). Next, we set out to
characterize the roles of IGF-I-activated JNK and Akt
on cellular outcome(s).

Akt, but not JNK, enhances IGF-I cytoprotection

First, we needed to confirm that Akt is activated by
IGF-I treatment in MCF-7 cells. We developed a kinase-
specific substrate using the Akt consensus binding
sequence of GSK (a well-characterized Akt substrate)
to investigate the involvement of downstream Akt
activity in PI 3-kinase-dependent survival in our model.
In vitro kinase assays confirmed that IGF-I treatment of
MCF-7 cells induced Akt maximally at 10min of
exposure (Figure 5a) and that pretreatment with the
PI 3-kinase inhibitors, LY294002 (Figure 5b) or
wortmannin (data not shown), reduced IGF-I induction
of Akt. Increased Akt activity was observed both when
Akt was isolated by immunoprecipitation (data not
shown), and when Akt-containing cell lysates were
exposed to an immobilized Akt-specific substrate,

GST-GSK, following IGF-I treatment. These results
support that PI 3-kinase and Akt may elicit IGF-I
survival effects in MCF-7 cells. In T47D cells, Akt is
phosphorylated even in the absence of growth factor
indicating that PI 3-kinase activity may be constitutive
in that cell line (data not shown).

In order to more clearly decipher the potential role of
either INK or Akt in IGF-I cytoprotection, MCF-7 cells
were stably transfected with either Wt Akt, Wt JNK, Mt
Akt (K179A, kinase dead), or Mt JNK (T183A/Y18S5F,
kinase dead) HA-tagged constructs. Stable transfectants
were plated in chamber slides, serum-starved overnight,
and treated cells were exposed to Taxol or IGF-I
treatment alone or in combination. Figure 6a shows that
IGF-I significantly reduced apoptosis induced by Taxol
(test for overall effect, P<0.0001). IGF-I reduced cell
death in parental and Mt Akt-transfected cells by 59 and
53%, respectively, compared to Taxol treatment alone.
Cells overexpressing Wt Akt experienced a 34%
reduction in apoptosis with IGF-I treatment
(P=0.056). The lack of a significant effect of IGF-I
on Wt Akt-expressing cells appears to be because of the
dramatic effect that overexpression of Wt Akt has on
Taxol’s ability to induce apoptosis in these cells. Wt Akt
overexpressing cells underwent 70% less apoptosis than
parental MCF-7s treated with Taxol alone (13 versus
44%, P<0.0001). We did not observe a significant
difference between Mt Akt transfectants and parental
cells with respect to IGF-1 protection from Taxol-
induced apoptosis. These latter results suggest either
that another IGF-I-dependent pathway may counteract
Mt Akt effects or that Mt Akt overexpression was not
able to squelch endogenous Akt signaling in response to
IGF-1.

Cells transfected with Wt or Mt JNK were treated in a
similar fashion as described above (Figure 6b). Overall,
parental control groups were very similar to those in
Akt experiments; in JNK experiments, IGF-I reduced
Taxol-induced apoptosis in parental cells by 60 versus
59% in Akt experiments (Figure 6a and b). Comparison
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Figure 5 GST-Akt peptide substrate is phosphorylated by IGF-I-treated MCF-7 cell lysates. GST-Akt-specific substrate (GST-GSK)
was developed as described in Materials and methods. (a) MCF-7 cells were treated with IGF-I 50 ng/ml and at the indicated times as
described in Materials and methods. Phosphorylated GST-GSK product resulting from in vitro kinase assays was detected and
measured. The graph shown represents three independent experiments (mean+s.e.m.). (b) MCF-7 cells were either preincubated in
50 um LY294002 (LY) for 40 min prior to IGF-I treatment or treated with IGF-I alone, as indicated. Phosphorylated GST-GSK was

analysed using SDS-PAGE and autoradiography
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Figure 6 Overexpression of Mt Akt or Wt JNK enhanced Taxol-induced apoptosis and reduced IGF-I survival effects. (a) Parental
(Ptl) MCF-7 cells and wildtype (Wt) or mutant (Mt) Akt MCF-7 transfectants were plated in chamber slides and treated as described in
Materials and methods. Cells were stained with Hoechst 33258 for analysis of apoptotic nuclei 48 h after exposure. (b) Parental MCF-7
cells and Wt or Mt JNK MCF-7 transfectants were tested in the same fashion as Akt transfectants above. Bars are the average of three
independent experiments for both Akt and JNK experiments. Error bars show 95% CI around the mean
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Figure 7 IGF-I inhibits Taxol-mediated apoptosis while Wt JNK overexpression enhances PARP cleavage induced by Taxol. In each
experiment, parental and transfected MCF-7 cells were serum-starved overnight. Taxol treatment was added at increasing
concentrations (0.01-0.04 M, as indicated) with or without IGF-I cotreatment (50 ng/ml), as indicated. At 48 h after treatment, cells
were lysed and PARP cleavage was measured by Western blot analysis of parental and cleaved PARP fragments. The presence of an
85kDa cleavage fragment indicates induction of apoptosis. (a) IGF-1 inhibited PARP cleavage at Taxol concentrations less than
0.04 uM/ml. (b) Cells were treated in the same fashion as above but some cells were cotreated with or without IGF-I and 1.Y294002
(50 M) for 40 min as indicated. (c) Transient transfection of MCF-7 cells using empty vector and a Myr Akt-containing plasmid was
performed and then cells were treated as described above. (d) MCF-7 cells and stable Wt JNK transfectant cells were treated in the
same fashion described above. PARP cleavage was analysed by Western blot using a PARP primary antibody

of all treatment groups of Wt JNK transfectants to
parental cells demonstrates that overexpression of Wt
JNK results in a significant increase in apoptosis (test
for overall effect, P =0.0001). Figure 6b also shows that,
similar to the effects of Wt Akt, transfection of cells with
Mt JNK leads to a dramatic decrease in cell sensitivity
to Taxol compared to parental cells, 19 versus 47%
apoptosis (P = 0.0009). This lends further support to the
hypothesis that JNK activity is transducing a cell death
signal under cellular stress. Similar to the Wt Akt-
transfected cells, we did not observe significant increases

in protection with Mt JNK overexpression when cells
were cotreated with IGF-1.

Since the Hoechst apoptosis assay may be somewhat
subjective, significant results were confirmed using
PARP cleavage analysis using separate stable transfec-
tant lines, shown in Figure 7. Using this assay, parental
MCEF-7 cells underwent apoptosis, as indicated by the
appearance of a PARP cleavage fragment at 85kDa,
when treated with Taxol. Again, IGF-I protected from
Taxol-induced PARP cleavage at Taxol concentrations
up to 0.04 um (Figure 7a). To clarify the role of Akt in
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our model, we inhibited PI 3-kinase using LY294002,
and we also determined the contribution of activated
Akt in a fashion that eliminates other IGF-I- and PI 3-
kinase-dependent pathways by using the myristylated
form of Akt (myr-Akt) in transient transfections.
Preincubation of MCF-7 cells with 1.Y294002 enhanced
Taxol-mediated PARP cleavage and inhibited IGF-I
protection of cells (Figure 7b), while overexpression of
myr-Akt blocked Taxol-induced apoptosis (Figure 7c),
confirming that Akt mediates cell survival in Taxol-
treated cells. However, data including the LY294002
compound must be interpreted with caution since this
agent also inhibits JNK in our model. In contrast to
these Akt data, overexpression of Wt JNK alone
enhanced Taxol-induced PARP cleavage (Figure 7d).
Further, using the Wt JNK transfectants we were still
unable to demonstrate that JNK activation by IGF-I
had any effect on cell survival. These observations may
be explained either by the lack of a role for JNK in
conveying an IGF-I survival responses or by a dominant
effect of Taxol-induced JNK. The last possibility, which
we were unable to ascertain in these studies, is the
presence of JNK isoform responses that may be
treatment dependent.

JNK inhibits MCF-7 AIG

We have previously established that IGF-I treatment of
MCEF-7 cells enhances AIG (Van Den Berg et al., 1997).
In order to determine if IGF-I induction of JNK results
in a change in IGF-I-mediated responses in the absence
of a strong stress treatment, we assessed the effect of
JNK overexpression on IGF-I-enhanced colony forma-
tion (Figure 8). Stable transfectants of Wt and Mt JNK
were compared to parental MCF-7 cells. Wt JNK
overexpression alone strongly inhibited MCF-7 colony
formation (comparing parental MCF-7 cells to Wt JNK
transfectants), and it also blocked IGF-1 enhancement
of colony formation (comparing Wt JNK transfectants
to Wt JNK transfectants + IGF-I), suggesting that
JNK activation by IGF-I antagonizes IGF-I tumori-
genic effects. Both Mt JNK transfectant samples,
cultured in 5% CSS and 5% CSS 4+ IGF-I treatment,
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formed increased numbers of colonies that were similar
to the parental MCF-7, IGF-I-treated controls. These
data support the conclusion that IGF-I induction of
JNK is inhibiting IGF-I proliferative or survival effects
in MCF-7 cells.

Phosphorylation of IRS-1 human Ser’"? is PI 3-kinase-
dependent and increased in Wt JNK transfectants

Given our evidence that JNK inhibits IGF-I responses
and that of other investigators showing that JNK can
bind to IRS-1 and serine phosphorylate rat Ser®
(human Ser*'?), we decided to determine if this response
could be a potential mechanism for the observed
inhibitory effect of JNK by IGF-I treatment in our
cells. Parental MCF-7 cells were pretreated with
LY?294002 in some instances prior to treating the cells
with IGF-I or Taxol. Total IRS-1 was immunoprecipi-
tated, and isolated protein was analysed using a rat IRS-
1 antibody Ser*” (corresponding to human Ser®?) for
Western blot analysis. Figure 9a shows that IGF-I
treatment of parental MCF-7 cells enhances phosphor-
ylation of Ser*'? at times where peak JNK activation by
IGF-I was observed in these cells. Further, this activity
was blocked by inhibiting PI 3-kinase with LY294002.
Taxol treatment also increased Ser®? phosphorylation
(Figure 9b), indicating that JNK may be mediating
phosphorylation of this serine site. In Figure 9c, cells
were transfected using either empty vector or a GST-Wt
JNK containing plasmid. After serum starvation,
transfected cells were treated with IGF-I and
LY294002 as described above. IRS-1 was immunopre-
cipitated from cleared cell lysates using a total IRS-1
antibody. Western blot analysis was performed using the
rat Ser’” IRS-1 antibody. Again, IGF-I treatment of
cells enhanced Ser®? (rat Ser’®’) phosphorylation and
LY294002 pretreatment inhibited IGF-I-dependent ser-
ine phosphorylation. In these experiments, an increase
in IGF-I-mediated serine phosphorylation was observed
in the Wt JNK transfectants compared to mocked
transfected cells. Further, pretreatment with LY?294002
inhibited serine phosphorylation in both mock and Wt
JNK-transfected cells, supporting the conclusion that
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Figure 8 JNK overexpression inhibits A1G and IGF-I stimulated AIG. Parental MCF-7 cells and stable Wt and Mt JNK transfectant
MCF-7 cells were suspended in 5% CSS and 0.8% Seaplaque agarose. Cells were seeded at 30 000 per dish and grown for 9 days. IGF-1
(50 ng/ml) was added as indicated. Each sample was grown in triplicate and colonies were counted within the same surface area
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Figure 9 IGF-1 and Taxol treatments lead to Ser** phosphorylation of IRS-1 and IGF-I effects were blocked by PI 3-kinase
inhibition. MCF-7 cells were plated overnight, then serum-starved. Some samples were pretreated with LY294002 100 uM for 40 min, as
indicated. Cells were treated with IGF- (50 ng/ml) or Taxol (0.25 um) for the duration of the time indicated. All cells were lysed at the
indicated times, lysates were cleared, and IRS-1 was immunoprecipitated using a total IRS-1 antibody. Ser** phosphorylation was
measured using a rat Ser*’-specific antibody, which specifically cross-reacts with human phosphoserine 312. (a) Phosphorylation of
IRS-1 Ser*? in IGF-I-treated cells and the effect of PI 3-kinase inhibition with LY294001 was assessed by Western blot analysis. (b)
Phosphorylation of IRS-1 Ser*? in Taxol (0.25 um)-treated MCF-7 cells was assessed using methods described above. (¢) MCF-7 cells
were transiently transfected as described in Materials and methods. Ser*'* phosphorylation of mock-transfected cells was compared to
W1t INK transfectants. (d) Tyrosine phosphorylation of IRS-1 was measured in parental MCF-7 cells and Wt JNK transfectants using

an antiphosphotyrosine specific antibody for Western blot analysis

IGF-I-mediated phosphorylation of Ser*'? is PI 3-kinase
dependent. Further, we assessed the potential role of
JNK activity on tyrosine phosphorylation of IRS-1.
Immunoprecipitates of total IRS-1 were analysed for
tyrosine phosphorylation by Western blot analysis using
an antiphosphotyrosine antibody. Tyrosine phosphor-
ylation of IRS-1 was robust after 1 h and somewhat less
at 2h of IGF-I treatment. Cotreatment with the
LY294002 did not appear to inhibit tyrosine phosphor-
ylation, but these samples of IRS-1 migrated more
rapidly, possibly indicating less serine phosphorylation.
Interpretation of IRS-1 tyrosine phosphorylation data
using the LY294002 inhibitor is complex, given that it
also inhibits Akt. Akt phosphorylates IRS-1 at sites not
including Ser*? however, this serine phosphorylation
activity is thought to prevent tyrosine dephosphorylation
of IRS-1 (Paz et al., 1999). Finally, Wt JNK transfectant
cells had slightly less tyrosine phosphorylation compared
to MCF-7 cells. With these considerations in mind, our
data support the conclusion that IGF-I-activated JNK

may result in serine phosphorylation of IRS-1, but it is
unclear if this action results in an inhibitory tyrosine
phosphorylation effect on IRS-1 and its ability to
mediate IGF-I signaling in breast cancer cells.

Discussion

In this paper, we demonstrate that IGF-I has potent
effects on JNK and Akt activity. IGF-I activation of
both PI 3-kinase and Akt supports the hypothesis that
this pathway is essential for IGF-I-mediated chemopro-
tection. These data, along with apoptosis experiments
using Wt and Mt Akt transfectants, further confirm our
previous results showing that pharmacologic inhibition
of PI 3-kinase and its downstream kinases enhanced
both doxorubicin- and Taxol-induced apoptosis (Gooch
et al.,, 1999). Additionally, use of a myr-Akt construct
confirmed that enhanced Akt activity has a strong cell
survival effect.
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The large degree of JNK activation by IGF-I was
somewhat surprising since activation of other tyrosine
kinase receptors does not typically induce JNK to the
same level or time to maximal stimulation as we
observed (Kyriakas et al., 1994; Westwick et al., 1994;
Fanger et al., 1997; Goedert et al., 1997; Alblas et al.,
1998). For example, other investigators (Miller et al.,
1996; Desbois-Mouthon ef al., 1998) have reported that
insulin treatment of CHO or Rat 1 HIR fibroblasts
activates JNK within 10-15min of exposure. This
activity results in an increase in AP-1 DNA binding
and possibly cell proliferation (Miller er al., 1996).
Given that IGF-I induction of JNK is notably higher
than what has been reported with other growth factors
and since other growth factors induce proliferation
through JNK (Bost et al., 1997), we were initially
perplexed by our results showing a lack of IGF-I
proliferative (data not shown) or survival responses
through JNK.

Activated PI 3-kinase has previously been shown to
be upstream of JNK after exposure to other growth
factors like platelet-derived growth factor (PDGF), and
in some cases EGF, but not after exposure to UV
irradiation or osmotic shock (Logan et al., 1997; Lopez-
Ilasaca et al.,, 1997). Other investigators report that
despite IGF-I’s limited ability to induce JNK in
embryonic kidney 293 cells, pretreatment with IGF-I
suppresses JNK stimulation by TNFa and anisomycin
(Okubo et al., 1998). These investigators stressed the
necessity of IGF-I pretreatment in order to observe
inhibition of JNK in response to cellular stress;
however, we did not study the effects of IGF-I
pretreatment in our model. Also, these investigators
did not study JNK response to IGF-I treatment alone
beyond 1h of exposure. In our model, we observed
maximal activity after 2h of IGF-I exposure. Given
these mixed results reported by others, we initially
anticipated that if IGF-I had any measurable effect on
JNK it might be to abrogate chemotherapy induction of
JNK. It is now clear that although chemotherapy drugs
activate JNK, IGF-I induced JNK to a far greater
extent in our breast cancer model. Cotreatment with
chemotherapy and IGF-I further enhanced JNK activ-
ity, despite their opposing effects on cell survival.

The biological effect of overexpressed JNK suggests
that even though it was induced both by Taxol and IGF-
I, INK’s primary effect appears to be proapoptotic
rather than protective. More so, IGF-I lost its cytopro-
tective effect in cells overexpressing JNK, where the
stoichiometry of JNK versus Akt protein levels may
have allowed JNK-induced apoptotic response to over-
come some of the IGF-I-mediated Akt effects in these
cells. Further, we show that JNK activity inhibited IGF-
I responses, in the absence of stress, by reducing colony
formation in the AIG assay and inhibiting the IGF-I-
mediated increase in colony growth. Thus, we turned
our attention to potential mechanisms of inhibition of
IGF-IR signaling.

Much attention has recently been drawn to IRS
phosphorylation of serine residues that may result in
feedback inhibition of IR and IGF-IR downstream
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signaling or insulin resistance in diabetic models.
Predictors of such biological responses focus on both
the inhibition of IRS tyrosine-phosphorylation and the
ability of serine-phosphorylated IRS proteins to bind
and become phosphorylated by IR. Ser®” of IRS-1 has
become particularly interesting since it lies adjacent to
the protein tyrosine binding (PTB) domain, the region
required for receptor binding (Aguirre et al., 2002). In
diabetic models, JNK (activated by TNFa-, anisomysin-,
and PI 3-kinase-sensitive kinases) phosphorylates this
site to inhibit IRS downstream signaling (Rui et al.,
2001). In contrast, the PI 3-kinase-sensitive kinase, Akt,
has four consensus serine phosphorylation motifs in
IRS-1, not including Ser*”’, which when phosphorylated
inhibits tyrosine dephosphorylation of IRS-1 resulting
in prolonged IRS-1-mediated responses (Paz et al.,
1999). The region containing Ser®” also does not appear
to be a phosphorylation motif for other kinases reported
to phosphorylate IRS-1, including MAPK and PI 3-
kinase (De Fea and Roth, 1997). Further, the stress
kinase p38 is an unlikely candidate in our model since
IGF-I treatment does not enhance its activity in MCF-7
cells (data not shown). Interestingly, Rui et a/. (2001)
have predicted that kinases other than just JNK may
phosphorylate rat IRS-1 Ser*’. This conclusion was
based on data showing TNFa stimulation of Ser®
phosphorylation is inhibited by PD98059. Although
LY294002 blocked serine phosphorylation, it did not
inhibit insulin activation of JNK after a 10 min exposure
time. It is unclear if JNK may be activated at later time
points in this model. However, since LY294002 cotreat-
ment completely inhibited JNK activation by IGF-I and
since IGF-I-mediated Ser*'? phosphorylation in our cells
is also mediated by a PI 3-kinase-sensitive kinase, JNK
is the most likely sole mediator of this effect. Further,
Taxol treatment both activated JNK and enhanced
human Ser*? phosphorylation of IRS-1 in our model.
To our knowledge, little is published regarding the
subsequent biological effects of growth factor activation
of JNK in diabetic or cancer models, particularly
looking at the combined effects of growth factors and
chemotherapeutic agents in cancer models. These
responses may be particularly relevant given that many
solid tumors, including breast, prostate, lung, and colon
cancer, commonly overexpress IGF-IR. These tumors
are also often treated with chemotherapeutic agents.
Intuitively, one may anticipate that the serine phosphor-
ylation of downregulatory sites such as Ser*? of IRS-1
and subsequent tyrosine dephosphorylation may be
observed to a much lesser degree in cancer cells
compared to normal cells. Our results indicate that
phosphorylation of Ser*? is quite high in cancer cells.
On the other hand, we did not observe a very significant
decrease in IRS-1 tyrosine-phosphorylation using JNK
overexpression approaches. Inhibition of PI 3-kinase in
MCF-7 cells and JNK transfectants resulted in faster
mobility of tyrosine-phosphorylated IRS-1 indicating a
reduction in serine phosphorylation. These data lead to
uncertainty as to whether serine phosphorylation of
IRS-1 actually inhibits its ability to serve as an IGF-IR
substrate in breast cancer cells. We have not yet studied
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Figure 10 IGF-I activates JNK, which then inhibits IGF-IR-
mediated signaling by serine phosphorylation of IRS-1. Our data
support the proposed model where 1GF-I activation of JNK leads
to a negative feedback effect on IGF-IR signaling. This effect is
observed when JNK is activated downstream of PI 3-kinase, and
subsequently, activated JNK phosphorylates Ser*' of IRS-1 to
inhibit IGF-IR responses

this interaction in our model. Somewhat in contrast to
our model, Hemi et al. (2002) report that IRS-1 serine
phosphorylation was enhanced by anisomycin, TNFu,
and Smase (sphingomyelinse) treatment via phosphor-
ylation of ErbB2 and 3 in Fao hepatoma cells, but that
tyrosine phosphorylation of IRS-1 was inhibited by
LY294002. Interestingly, JNK activity in response to the
above treatments was not assessed in this paper but
there data may implicate the complexity of PI 3-kinase
signaling through both Akt and JNK (Figure 10). These
findings also underline the relevance of crosstalk among
stress- and growth factor-related pathways that may
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